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The sequences of the metabotropic glutamate recep- 
tors (mGluRs) show little homology with other members 
of the G protein-coupled receptor family and exhibit 
several distinctive features, including a large N-termi- 
nal extracellular domain with 17 cysteines in conserved 
positions. Here we demonstrate that mGluRS, as well as 
other mGluRs, behave as species approximately twice as 
large as expected from their sequence, but reducing con- 
ditions cause a decrease to the predicted molecular 
mass. Co-immunoprecipitation experiments using wild 
type and epitope-tagged receptors demonstrate that this 
is due to specific, disulfide-dependent dimerization of 
the receptor. The intermolecular disulfide that mediates 
dimerization occurs in the extracellular domain, within 
about 17 RDa from the N terminus. 



Glutamate is the primary neurotransmitter for excitatory 
neurotransmission in the vertebrate central nervous system 
and as such is responsible for a broad range of physiological 
and pathophysiological roles. These include transmission in 
sensory pathways, higher brain functions such as learning and 
memory, and cytotoxicity and neuronal death. 

Two classes of receptors for glutamate are present on neural 
cells: the ionotropic glutamate receptors (iGluRs) 1 and the 
metabotropic glutamate receptors (mGluRs). The iGluRs are 
ligand-gated cation channels, and they mediate rapid synaptic 
transmission. The iGluRs include the AT-methyl-D-aspartate, 
a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid, and 
kainic acid families of receptors. At least eight mGluRs have 
been molecularly characterized, and these activate effectors via 
interactions with heterotrimeric G proteins (1). Thus, the 
mGluRs are important for neuromodulator functions, al- 
though mGluRs clearly mediate transmission at the retinal 
photoreceptor-depolarizing bipolar cell synapse (2-4) and at 
certain thalamic sensory neurons (5). 

Although the mGluRs possess seven transmembrane do- 
mains, there are important differences between these receptors 
and other G protein-coupled receptors. There is no primary 
sequence similarity between the mGluRs and the rhodopsin- 
like receptors (4). The recently described Ca 2+ -sensing recep- 
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tors are homologous to the mGluRs (6, 7); so together the Ca 2 " 1 " 
and glutamate receptors appear to constitute a unique sub- 
group of this supergene family. Receptor domains responsible 
for signal transduction also appear different. For example, the 
third intracellular loop is important for determining the spec- 
ificity of G protein coupling in most G protein-coupled receptors 
examined, whereas the C-terminal end of the second intracel- 
lular loop is critical in the mGluRs (8-10). Moreover, all 
mGluRs have a very large N-terminal extracellular domain 
(about 65 kDa in mGluRS), constituting about one-half of the 
protein, whereas most G protein-coupled receptors do not. The 
glutamate binding domain is believed to lie in this extracellular 
region (11, 12), not within the bundle of membrane-spanning 
domains, as is typical of the rhodopsin-like receptors. 

Another unique structural feature is that there are 21 con- 
served cysteine residues in all the mGluRs (13). Nineteen of 
these are in the N-terminal domain and extracellular loops. 
Nine of the cysteines are at the C-terminal portion of the 
extracellular domain, and this region has been compared with 
similar cysteine-rich domains of receptor tyrosine kinases (12). 
Although the function of these cysteines is unknown, the strict 
conservation of position implies that the function is a shared 
and important one for this family of receptors. 

Although native iGluRs are thought to function as hetero- 
meric pen tamers (14-16), the mGluRs, by analogy with other G 
protein-coupled receptors, have been assumed to be monomeric 
(1, 4, 17). However, this has not been directly demonstrated. 
Using biochemical and molecular techniques, here we demon- 
strate that mGluRs are not monomeric but are instead co- 
valently linked dimers, bound by disulfide bonds between con- 
served cysteines in the N-terminal extracellular domain. 

EXPERIMENTAL PROCEDURES 

Antibodies, Western blots, and Immunoprecipitates — Antibodies to 
wild type (wt) mGluR5 were affinity-purified antipeptide antibodies 
raised against an immunogen that contained the C-terminal 13 amino 
acids as described (18). Antibodies to wt mGluRla were affinity-puri- 
fied antipeptide antibodies raised against an immunogen that con- 
tained the sequence of residues 1116-1130 (i.e. EFVYEREGN- 
TEEDEL) of the rat mGluRla (19). Both monoclonal and polyclonal 
anti-hemagglutinin (HA) antibodies were obtained from Babco (Berke- 
ley, CA); the polyclonal antibody was used for immunoprecipitation, the 
monoclonal antibody for Western blots and immunocytochemistry. An- 
tibodies to mGluR2-3 and mGluR4 were the generous gift of Dr. 
Thomas Knoepfel (CIBA, Basel, Switzerland). Preparation of brain 
tissue, electrophoresis (on 6 or 7.5% poly acryl amide gels), and transfers 
onto polyvinylidene difluoride membranes (Immobilon P; Millipore, Wa- 
ters, MA) were as described (18). For preparation of membranes from 
transfected cells, cells were washed once in PBS, then subjected to one 
freeze- thaw cycle. They were scraped into lysis buffer (2 mM HEPES 
and 2 mM EDTA, pH 7.4, containing protease inhibitors) and homoge- 
nized in a glass homogenizer with a motorized Teflon pestle. The 
nuclear pellet (1000 x g, 5 min) was discarded, and membranes were 
harvested after pelletting (35,000 X g, 30 min). For immunoprecipita- 
tions, membranes were homogenized in PBS containing 0.5 or 1% SDS. 
The SDS extract was diluted 5- or 10-fold into PBS containing 0.5% 
dodecyl maltoside to sequester free SDS into mixed micelles, thereby 
permitting immunoprecipitation. Antireceptor antibody was added, and 
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the mixture was incubated at 4 °C overnight. Protein A-Sepharose 
(Sigma) was added, and the incubation continued for 2 h at room 
temperature on a rocking table. The protein A pellets were washed 
three times with PBS before elution with sample buffer and electro- 
phoresis. The sample buffer always contained 2% SDS and, when indi- 
cated, 20 mM dithiothreitol (DTT). Samples were heated at 60 °C for 3 
min before electrophoresis. 

Receptors and Cells — The cDNA fragments containing the full-length 
mGluR5 or mGluRla coding sequences were ligated into pcDNAlneo 
(Invitrogen) downstream of the cytomegalovirus promoter (18). The 
HA-tagged mGluR5 mutant was constructed using recombinant polym- 
erase chain reaction (20) with two sets of primer pairs. The first set 
(5 '-CATGACGACCTTCGCAGAGAT-3 ' , nucleotides 3482 to 3501, 
GenBank accession number D10891; and 5 '-ATCCTCTCCCAAATAT- 
G AC ACTTATCC ATATG ATGTTCC AGATTATGCT-3 ' , nucleotides 
3720-3741 followed by the HA epitope in bold) and the second 
(5-TATCCATATGATGTTCCAGATTATGCTTGAGCCACT- 
GGAAACTTCCCT-3 ' , representing the HA epitope in bold followed by 
nucleotides 3781-3801; and 5 ' -CACACACGGTGGAGACATGAGCG- 
GCCGCTAAA, nucleotides 3897-3918 followed by a Notl restriction 
site) were used to amplify DNA fragments of 286 or 164 base pairs from 
wt-mGluR5. Both fragments were used as templates in another round 
of polymerase chain reactions using the two flanking primers, and the 
resulting fragments were then used to replace wt sequences in mGluRS. 
tHA was constructed using HA-tagged mGluR5 as a template together 
with primer sets fusing sequences within the first intracellular domain 
in frame with those of the HA-tagged C terminus. The 5'-primer set 
included 5'-GAAGTCAGCTGTTGTTGG-3 ' (identical to nucleotides 
1843-1860) as well as 5'-CGAGTCCACCGAGTCTCTAGACTTGAC- 
CACCGGAGT-3' (complementary to nucleotides 2083-2097 and 3685- 
3668). The 3 '-primer set consisted of the complement of the latter 
primer together with the Notl restriction site-containing primer de- 
scribed above. First and second round polymerase chain reaction was 
performed as described. The final product was digested with BstEU and 
Notl and then subcloned into wt-mGluR5 cut with the same enzymes. 
The resulting plasmid was termed tHA. Both the HA-tagged mGluRS 
and tHA were confirmed by sequencing. 

HEK cells at 80% confluency were transfected with 15 /xg of plasmid 
DNA using LipofectAMINE (Life Technologies, Inc). Forty-eight hours 
later membranes were prepared and immunoprecipitated with the in- 
dicated antibodies as described above. Immunohistochemical analysis 
of cotransfected cells was done on Lab-Tek chambered glass slides. 
Primary antibodies included the HA monoclonal antibody and anti-wt- 
mGluR5, followed by fluorescein isothiocyanate-labeled goat anti- 
mouse and CY3-labeled goat anti-rabbit (Jackson ImmunoResearch 
Labs, Inc.) secondary antibodies, respectively. 

RESULTS 

Metabotropic Glutamate Receptors Migrate at about Twice 
Their Predicted Molecular Mass under Nonreducing Condi- 
tions — To examine the possible structural or conformational 
roles of the conserved cysteines in mGluRs, the electrophoretic 
mobility of mGluR5 (from rat cortical membranes) was exam- 
ined under reducing and nonreducing conditions in SDS gels 
(Fig. 1A). In the presence of the reducing agent DTT or 2-mer- 
captoethanol (not shown), mGluR5 migrated at an apparent 
molecular mass of ~148 kDa. Deglycosylation with peptide 
iV-glycosidase F reduced this to ~130 kDa (not shown), consist- 
ent with the size predicted from the primary sequence. How- 
ever, in the absence of reducing agent, mGluRS migrated at an 
apparent molecular mass of -260 kDa (Fig. 1A). Because sam- 
ples were prepared in the presence of the denaturing detergent, 
2% SDS, most noncovalent interactions should have been 
eliminated. 

One interpretation of this result is that mGluR5 is covalently 
attached by intermolecular disulfide bonds to another compo- 
nent of the membrane, but other possibilities must be consid- 
ered. A different electrophoretic mobility in the presence of 
reducing agents may reflect an altered conformation due to 
cleavage of intramolecular disulfide bonds. However, such 
bonds usually promote compact structures that on reduction 
increase the Stokes radius and, hence, increase the apparent 
molecular mass of the protein. Another possibility is that spu- 
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Fig. 1. mGluRs have a high apparent molecular mass under 
nonreducing conditions. A, Western blot analysis of rat cortical 
membranes (25 fig of protein/lane) using an antibody directed to the C 
terminus of wild type mGluR5. DTT caused the receptor to shift to a 
lower apparent molecular mass. Pretreatment of the membranes with 
iodoacetate (IAA) did not alter the apparent molecular mass. B, 
Sephacryl S-400 column chromatography of SDS-solubilized rat brain 
membranes in the presence or absence of DTT indicate that mGluRS 
migrates as a lower molecular mass species in the presence of DTT. 
Protein was measured spectroscopically (OD280), and mGluR5 was 
detected by assaying every other fraction by Western blotting. Column 
dimensions, 75 X 1.5 cm. 

rious disulfide bonds may form between free sulfhydryls during 
SDS denaturation of the protein, leading to artifactual covalent 
association of mGluR5 with another protein. To test this, mem- 
branes were treated with iodoacetate to alkylate free sulfhy- 
dryls and then solubilized with SDS (Fig. 1A, right lane). The 
receptor still behaved as a high molecular mass species, indi- 
cating that the disulfide bonds responsible for holding this 
species together were present prior to solubilization, as part of 
the native structure (Fig. 1A). 

To verify this reduction-dependent alteration in molecular 
mass by an independent technique, Sephacryl S-400 gel filtra- 
tion chromatography in the presence of SDS was used. For this 
experiment cortical membranes (2 mg of protein) were dis- 
solved in PBS containing 1% SDS (±10 mM DTT), which also 
served as column buffer. Reduction led to a large decrease in 
apparent molecular mass of the receptor (Fig. IB). Taken to- 
gether, these results indicate that mGluR5 is covalently at- 
tached via disulfide bonds to another components) of the 
membrane. 

This molecular mass shift was not unique to mGluR5. Under 
nonreducing conditions mGluRla (another group 1 mGluR), 
mGluR2-3 (a Group 2 mGluR) and mGluR4 (a Group 3 mGluR) 
all migrated as species about twice as large as expected, with 
reduction causing a shift to the appropriate molecular mass 
(data not shown). 

Metabotropic Glutamate Receptors Are Dimers under Nonre- 
ducing Conditions — What is the nature of the molecule to 
which mGluR5 is attached? The receptor may be bound by 
disulfide bridges to a distinct molecule; therefore, the high 
molecular mass species would be heteromeric, or alternatively, 
the receptor may be a homodimer. 

When mGluR5 was expressed in HEK cells, it migrated as 
the high molecular mass form in nonreducing gels (not shown); 
this indicated that either the receptor forms homodimers, or 
that HEK cells endogenously express the mGluRS-associated 
protein. To determine which of these hypotheses is correct, 
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Fig. 2. Co-immunoprecipitation of wt and epitope- tagged re- 
ceptors. A, schematic representations of wt, HA- tagged, and tHA 
mGluR5 receptors. Putative transmembrane domains are shown in 
black, and positions of the 21 conserved cysteine residues are indicated. 
The amino acid sequences of wt and HA epitopes present at the C 
termini of the receptors are shown. B, HEK 293 cells co-transfected 
with both HA-tagged and wt mGluRo, labeled with antibodies (Aft) to wt 
{left panel) or HA-tagged (right panel) mGluR5. The same population of 
cells are labeled. C, mGluRs form dimers. Membranes from cells ex- 
pressing HA-mGluR5, wt-mGluR5, or both were treated with SDS and 
immunoprecipitated with HA polyclonal or wt antibodies (ippt Ab). 
Precipitated products were reduced using 20 mM DTT and resolved on 
a 6% SDS-polyacrylamide gel. Separated products were transferred to a 
polyvinylidene difluoride membrane and probed with anti-HA mono- 
clonal antibody followed by enhanced chemiluminescence. Molecular 
mass markers are shown on the right. Antibody to the wt receptor 
immunoprecipitated HA receptor from cotransfected cells, indicating 
that heterodimerization occurred. 

cross-immunoprecipitation experiments were performed. A 
plasmid encoding an mGluR5 epitope tagged at the C terminus 
was constructed. Because the antibody we have used to recog- 
nize wt mGluRS is directed toward the C terminus (18), the 
nucleotides coding for the wt C terminus were removed and 
replaced by the sequence encoding the HA epitope (Fig. 2A; Ref. 
21). After expression in HEK cells, HA-mGluR5 also behaved 
as a high molecular mass species in nonreducing gels, indicat- 
ing that alteration of the C terminus did not disrupt formation 
of the disulfide-bound complex (not shown). If the receptors 
form covalent homodimers, some of the wt-mGluR5 and HA- 
mGluR5 may be expected to be found in the same dimer when 
both receptors are expressed in the same cell. If, however, each 
receptor is bound to an unidentified, distinct molecule to form 
the high molecular mass form, no wt-mGluR5-HA-mGluR5 het- 
erodimers should be found. 

Transient transfection of HEK cells with both plasmids led to 
uptake and expression of both receptors in the same individual 
cells (Fig. 2B). Membranes prepared from the cotransfected 
cells were solubilized in 0.5% SDS to disrupt noncovalent in- 
teractions between proteins. As expected, anti-wt did not im- 
munoprecipitate any HA-tagged proteins from cells expressing 
only HA-mGluR5 (Fig. 2C), nor did anti-HA bring down wt- 




Fig. 3. mGluRla and mGluR5 do not form heterodimers. Mem- 
branes from cells expressing wt-mGluRla (la), HA-mGluRo (HA), or 
both (la & HA), were treated with SDS and immunoprecipitated with 
anti-mGluRla (la) or anti-HA (HA) polyclonal antibodies. Precipitated 
products were reduced using 20 mM DTT and resolved on a 6% SDS- 
polyacrylamide gel. Separated products were transferred to a polyvi- 
nylidene difluoride membrane, and the blots probed with anti-HA 
monoclonal (top blot) or anti-mGluRla polyclonal (bottom blot) antibod- 
ies followed by enhanced chemiluminescence. Molecular mass markers 
are shown on the left (201 and 120 kDa). Antibody to the mGluRla 
precipitated mGluRla, but not HA-mGluR5, and anti-HA immunopre- 
cipitated HA-mGluR5, but not mGluRla. Aliquots of each cell extract 
(no immunoprecipitation) are in the right three lanes on each gel. ippt 
AB, immunoprecipitation antibody. 

mGIuR5 (data not shown). However, HA-mGluR5 was immu- 
noprecipitated from extracts of cotransfected cells by either 
anti-HA or anti-wt antibody (Fig. 2C). Moreover, wt-mGluR5 
was also immunoprecipitated from these extracts when either 
antibody was used (not shown). Thus, these data indicate that 
mGluRS polypeptides form dimers. 

To determine the specificity of dimer formation, we per- 
formed an analogous experiment in which wild type mGluRla 
was cotransfected with HA-mGluR5. If the assembly of mGluR 
dimers is specific, mGluRla and HA-mGluR5 should not form 
heterodimers. As shown in Fig. 3, antibody selective for 
mGluRla did not immunoprecipitate any HA-containing bands 
from cells transfected with mGluRla, mGluRla and HA- 
mGluRo, or HA-mGluR5 (Fig. 3, top gel, left three lanes), but it 
did immunoprecipitate mGluRl from cells transfected with 
mGluRla or mGluRla and HA-mGluR5 (Fig. 3, bottom gel, left 
two lanes). Similarly, the antibody selective for HA did not 
immunoprecipitate any mGluRla from cells transfected with 
mGluRla, mGluRla and HA-mGluR5, or HA-mGluR5, but it 
did immunoprecipitate HA-mGluR5 from cells transfected with 
HA-mGluR5 or HA-mGluR5 and mGluRla. Thus, despite the 
60% amino acid identity between mGluRla and mGluRS, (22), 
they do not heterodimerize. These data indicate that there is 
great specificity in the assembly of the metabotropic receptor 
dimers. 

Metabotropic Glutamate Receptors Are Linked via Their N- 
terminal Extracellular Domains — To localize which part of 
mGluR5 was involved in dimer formation, two types of exper- 
iments were performed. 

In the first set of experiments, a mutant receptor, truncated 
after the first transmembrane domain and tagged with the HA 
epitope at the C terminus, was constructed (tHA; Fig. 2A). 
When this mutant receptor was expressed in HEK cells and 
immunoprecipitated with anti-HA, it migrated during electro- 
phoresis as a dimer (160 kDa) under nonreducing conditions 
and as a monomer (doublet of 80-90 kDa) under reducing 
conditions (Fig. 4A). Therefore, the locus for disulfide-mediated 
dimerization is in the N-terminal half of the receptor, most of 
which is extracellular. 

When the tHA receptor was co-expressed with wt-mGluR5 
and then immunoprecipitated with antibody to HA, an addi- 
tional HA-containing band (220 kDa) was observed on the 
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Fig. 4. The disulfide bond responsible for dimerization is in the N-terminal region of mGluR5. A, Western blot analysis of immuno- 
precipitates (ippt Ab) from SDS-solubilized membranes prepared from cells expressing wt, tHA, or both, using monoclonal anti-HA to visualize the 
immunoreactive bands. Antibody to the wt receptor did not immunoprecipitate any HA-positive bands from cells expressing only wt or tHA 
receptors but did precipitate the 220-kDa band present in co-transfected cells. Antibody to HA immunoprecipitated the 160-kDa band from 
tHA-expressing cells and both 220- and 160-kDa proteins from co-transfected cells. On reducing gels, all immunoprecipitated bands behaved as 
monomers. B, intact HEK cells expressing wt mGluRS were treated with trypsin (standard 0.05% trypsin and 0.53 mM EDTA in Hank's balanced 
salt solution from Life Technologies, Inc.) for the times indicated, and then membranes were prepared and electrophoresed under reduced and 
nonreduced conditions. Trypsin treatment led to a ~17-kDa decrease in the apparent molecular mass of the monomer (reduced, top), and a loss 
of dimerization (nonreduced, bottom). 



nonreduced gels, suggesting the formation of heterodimers be- 
tween truncated-HA and wt receptors (Fig. 4A). In agreement 
with this interpretation, antibody to the wt receptor immuno- 
precipitated the 220-kDa heterodimer, but not the 160-kDa 
tHA homodimer, from cotransfected cells. The wt antibody did 
not precipitate any HA-containing species from cells trans- 
fected with only the wt or tHA mutant. Taken together, these 
results indicate that the truncated receptor forms both ho- 
modimers and heterodimers. 

In the second experiment addressing location of the disulfide 
bond(s), intact HEK cells expressing the wt receptor were in- 
cubated with trypsin for various periods. We reasoned that 
proteolytic removal of all or part of the extracellular domain 
would generate a receptor fragment that does not dimerize, and 
from the size of this fragment we could infer the approximate 
location of the relevant cysteine(s). Since the wt antibody is 
directed toward the C terminus, all the proteolysis products 
observed will necessarily have intact C termini and loss of some 
length of the N terminus. Treatment with trypsin removed only 
a small fragment from the N terminus of the receptor, decreas- 
ing the apparent molecular mass by about 17 kDa (Fig. AB, 
+DTT). This very limited digestion suggests that access of the 
protease to potential cleavage sites was restricted by steric 
factors due to the secondary structure of the extracellular do- 
main. However, even very short periods of proteolysis removed 
the site of dimerization, since the proteolyzed receptor mi- 
grated at the monomer molecular mass under nonreducing 
conditions (Fig. AB, -DTT). These results indicate that the 
cysteine(s) responsible for disulfide bond formation are in the 
N-terminal 17 kDa of mGluRS. 

DISCUSSION 

The experiments described here clearly show that mGluR5 
normally exists as a dimer on the plasma membrane. Dimer- 
ization is mediated via a cysteine or cysteines located within 17 
kDa from the N terminus in the extracellular domain. Since 
heterodimers between mGluR5 and mGluRla do not form, but 
the truncated mGluR5 containing only the extracellular region 
and one transmembrane domain does dimerize, the informa- 
tion providing the specificity of mGluR5 dimerization also re- 
sides in the N-terminal region of the molecule. Because 
mGluRla, 2-3 and 4 also migrate as dimeric species, we pro- 
pose that dimerization may be a general property of the mGluR 
family. 

Several authors who have examined mGluRs using Western 
blot analysis have noted the presence of high molecular mass 
aggregated forms of the receptors (23, 24), even in the presence 



of reducing agents. In the most extreme cases these aggregates 
are so large that the receptor polypeptides do not enter the gel. 
This aggregation may reflect strong interactions among the 
denatured, highly hydrophobic, multiple transmembrane do- 
mains in mGluRs. In our hands, aggregation is avoided by 
heating samples minimally before electrophoresis (60 °C, 3 
min) and by using only SDS or dodecyl maltoside as solubiliz- 
ing detergents. We believe the dimer we describe is the native 
form of the receptor and not an artifact because: 1) it is a 
discrete band with a characteristic and appropriate molecular 
mass and not a smear, as aggregates usually are; 2) it can be 
converted to the monomer by reducing agents, whereas mGluR 
aggregates cannot; 3) even under conditions that minimize 
aggregation, as described above, we never observed any mon- 
omer except when samples were reduced (or proteolyzed as in 
Fig. 35), suggesting that all the receptor is initially present in 
the membrane as dimer; and 4) the truncated mutant (tHA), 
which contains only a single transmembrane domain and, 
hence, should exhibit little tendency to aggregate, also mi- 
grated as a dimer (Fig. 3A). 

To date, there is no evidence that other G protein-coupled 
receptors exist as covalent dimers. The a 1 -adrenergic receptor 
of the rat ventricle behaves as a 77-kDa species in the presence 
or absence of DTT (25). Similarly, the electrophoretic mobility 
of the neuromedin B receptor is unaffected by DTT (26). A 
cholecystokinin receptor and an opioid receptor apparently in- 
crease in molecular mass when treated with DTT (27, 28), 
suggesting that disulfide bonds are maintaining compact con- 
formations of these polypeptides. It is unlikely, therefore, that 
covalent, disulfide-dependent dimerization is a universal fea- 
ture of G protein-coupled receptors. This structural feature 
may be unique to the mGluRs and perhaps the related Ca 2+ - 
sensing receptors (6, 7). It is worth noting that the Ca 2+ - 
sensing receptors do have the conserved cysteines characteris- 
tic of this subgroup. 

The N-terminal extracellular domain of the mGluRs is re- 
lated to the bacterial periplasmic binding proteins (PBPs) (12), 
as are extracellular domains of some iGluRs (12, 29). PBPs 
constitute a family of proteins involved in high affinity trans- 
port of amino acids, sugars, and other nutrients into bacteria. 
Three-dimensional crystal structures reported for several 
PBPs have indicated that these proteins are composed of two 
distinct globular domains with a ligand binding cleft between 
them (30, 31). Recently, O'Hara et al. (12) proposed a three- 
dimensional model of the structure of mGluRla based on PBP 
structural information. Their alignment permitted them to 
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make several successful predictions concerning the glutamate 
binding site of the receptor, lending credence to the structural 
comparison. Our results indicate that the cysteine responsible 
for dimerization of mGluR5 is in the N-terminal 17 kDa. 
Within this region, there are four cysteines, all but one of which 
is conserved among the mGluRs. Based on the alignment of 
mGluRs and PBPs suggested by O'Hara et al (12), it is con- 
ceivable that two of these cysteines are involved in intramolec- 
ular disulfides, leaving the remaining cysteine(s) available for 
intermolecular interactions. 

Receptors with intracellular tyrosine kinase domains dimer- 
ize on ligand binding, and this is critical for signal transduction 
(32-34). Our evidence suggests that the cysteines responsible 
for mGluR dimerization are not those present in the cysteine- 
rich tyrosine kinase receptor-like domain (12), Dimerization of 
tyrosine kinase receptors brings the monomeric receptors into 
close proximity, allowing each member of the pair to phospho- 
rylate the other, thereby providing the binding sites necessary 
for initiating assembly of the signal-transducing apparatus on 
the intracellular face of the membrane. These active tyrosine 
kinase receptor dimers are linked noncovalently, whereas 
mGluR dimers are covalently bound. 

Earlier studies of adrenergic receptors emphasized the role 
of two disulfide-linked, conserved cysteine residues in the first 
and second extracellular loops. For example, in the mammalian 
j8 2 -adrenergic receptor maintenance of this extracellular disul- 
fide bridge is important for high affinity agonist binding and 
function (35, 36). In contrast, DTT had no effect on binding of 
ligands to muscarinic receptors (37) or prostaglandin E 2 recep- 
tors (38) but potentiated binding to and functioning of HI 
histamine receptors (39-42). Therefore, one cannot predict a 
priori what effect reducing conditions will have on receptor 
functioning. We have preliminary results indicating that main- 
tenance of extracellular disulfides of mGluRS are critically 
important for maintenance of signal transduction through this 
receptor. 2 Consistent with this result, Vignes et al. (43) showed 
that inositol phosphate production stimulated by glutamate in 
synaptoneurosomes was blocked by DTT, whereas that stimu- 
lated by carbachol was not. It is interesting that iV-methyl-D- 
aspartate receptors are influenced oppositely by redox state: 
extracellular reduction leads to potentiation of receptor func- 
tion, not inhibition (44-46). Perhaps ambient redox conditions 
lead to a complementary and coordinate regulation of iGluRs 
and mGluRs. 

Acknowledgments — We thank U. Khosla, P. Gehlbach, S. Smout, S. 
Harmon, and M. Moffat for assistance at different phases of this work, 
Prof. S. Nakanishi for the mGluRS and mGluRla clones, and Peter 
Lukasiewicz and David Harris for comments on the manuscript. 

REFERENCES 

1. Pin, J.-P., and Duvoisin, R. (1995) Neuropharmacology 34, 1-26 

2. Ishii, T., Moriyoshi, K., Sugihara, H., Sakurada, K, Kadotani, H., Yokoi, M., 

Akazawa, C, Shigemoto, R., Mizuno, N., Masu, M., and Nakanishi, S. 
(1993) J. Biol. Chem. 268, 2836-2843 



2 C. Romano, I. Saito, and K. L. O'Malley, unpublished observation. 



3. Nomura, A., Shigemoto, R., Nakamura, Y., Okamoto, N., Mizuno, N., and 

Nakanishi, S. (1994) Cell 77, 361-369 

4. Nakanishi, S. (1994) Neuron 13, 1031-1037 

5. Eaton, S. A., Birse, E. F., Wharton, B., Sunter, D. C, Udvarhelyi, P. M., 

Watkins, J. C, and Salt, T. E. (1993) Eur. J. Neurosci. 5, 186-189 

6. Brown, E. M., Gamba, G., Riccardi, D., Lombardi, M., Butters, R., Kifor, O., 

Sun, A., Hediger, M. A., Lytton, J., and Hebert, S. C. (1993) Nature 366, 
575—580 

7. Ruat, M., Molliver, M. E., Snowman, A. M., and Snyder, S. H. (1995) Proc. 

Natl. Acad. ScL U. S. A. 92, 3161-3165 

8. Pin, J. P., Joly, C, Heinemann, S. F„ and Bockaert, J. (1994) EMBO J. 13, 

342-348 

9. Pin, J. P., Gomeza, J., Joly, C, and Bockaert, J. (1995) Biochem. Soc. Trans. 

23, 91-96 

10. Gomeza, J., Joly, C, Kuhn, R, Knopfel, T., Bockaert, J., and Pin, J. P. (1996) 

J. Biol. Chem. 271, 2199-2205 

11. Takahashi, K, Tsuchida, K., Tanabe, Y., Masu, M., and Nakanishi, S. (1993) 

J. Biol. Chem. 268, 19341-19345 

12. O'Hara, P. J., Sheppard, P. O., Thqgersen, H., Venezia, D., Haldeman, B. A., 

McGrane, V., Houamed, K. M., Thomsen, C, Gilbert, T. L., and Mulvihill, 
E. R. (1993) Neuron 11, 41-52 

13. Tanabe, Y., Masu, M., Ishii, T., Shigemoto, R., and Nakanishi, S. (1992) 

Neuron 8, 169-179 

14. Wenthold, R. J., Yokotani, N., Doi, K, and Wada, K (1992) J. Biol. Chem. 267, 

501-507 

15. Hollmann, M., and Heinemann, S. (1994) Annu. Rev. Neurosci. 17, 31-108 

16. Wisden, W., and Seeburg, P. H. (1993) Curr. Opin. Neurobioi 3, 291-298 

17. Nakanishi, S. (1992) Science 258, 597-603 

18. Romano, C, Sesma, M. A., Macdonald, C., O'Malley, K., van den Pol, A. N., and 

Olney, J. W. (1995) J. Comp. Neurol. 355, 455-469 

19. Masu, M., Tanabe, Y., Tsuchida, K, Shigemoto, R., and Nakanishi, S. (1991) 

Nature 349, 760-765 

20. Higuchi, R. (1990) in PCR Protocols: A Guide to Methods and Applications 

(Innis, M. A, Gelfand, D. H., Sninsky, J. J., and White, T. J, eds) pp. 

177- 183, Academic Press, San Diego, CA 

21. Kolodzei, P. A., and Young, R. A. (1991) Methods Enzymol. 194, 508-519 

22. Abe, T., Sugihara, H., Nawa, H., Shigemoto, R., Mizuno, N., and Nakanishi, S. 

(1992) J. Biol. Chem. 267, 13361-13368 

23. Baude, A., Nusser, Z., Roberts, J. D., Mulvihill, E., Mcllhinney, R. A., and 

Somogyi, P. (1993) Neuron 11, 771-787 

24. Petralia, R. S., Wang, Y.-X., Niedzielski, A. S., and Wenthold, R. J. (1996) 

Neuroscience 71, 949-976 

25. Terman, B. I., and Insel, P. A. (1986) J. Biol. Chem. 261, 5603-5609 

26. Kusui, T., Benya, R V., Battey, J. F., and Jensen, R. T. (1994) Biochemistry 33, 

12968-12980 

27. Bone, E. A., and Rosenzweig, S. A. (1988) Peptides 9, 373-381 

28. Gioannini, T. L., Liu, Y. F., Park, Y. H., Hiller, J. M., and Simon, E. J. (1989) 

J. Mol. Recog. 2, 44-48 

29. Stern-Bach, Y., Bettler, B., Hartley, M., Sheppard, P. O., O'Hara, P. J., and 

Heinemann, S. F. (1994) Neuron 13, 1345-1357 

30. Quiocho, F. A. (1990) Phil. Trans. R. Soc. Lond. 326, 341-351 

31. Adams, M. D., and Oxender, D. L. (1989) J. Biol. Chem. 264, 15739-15742 

32. Heldin, C. H., Ernlund, A., Rorsman, C., and Ronnstrand, L. (1989) J. Biol. 

Chem. 264, 8905-8912 

33. Qian, X., LeVea, C. M., Freeman, J. K, Dougall, W. C, and Greene, M. I. 

(1994) Proc. Natl. Acad. Sci. U. S. A. 91, 1500-1504 

34. Earp, H. S., Dawson, T. L., Li, X., and Yu, H. (1995) Breast Cancer Res. Treat. 

35, 115-132 

35. Dohlman, H. G., Caron, M. G., DeBlasi, A., Frielle, T., and Lefkowitz, R. J. 

(1990) Biochemistry 29, 2335-2342 

36. Noda, K., Saad, Y., Graham, R. M., and Karnik, S. S. (1994) J. Biol. Chem. 269, 

6743-6752 

37. Wei, J. W., and Sulakhe, P. V. (1980) Naunyn Schmiedebergs Arch. Pharmacol. 

314, 51-59 

38. Michalak, M., Wandler, E. L., Strynadka, K., Catena, R., Liu, H. J., and Olley, 

P. M. (1992) Biochim. Biophys. Acta 1111, 247-255 

39. Carman-Krzan, M. (1984) Agents Actions 14, 561-565 

40. Dickenson, J. M., and Hill, S. J. (1994) Biochem. Pharmacol. 48, 1721-1728 

41. Donaldson, J., and Hill, S. J. (1986) Br. J. Pharmacol. 87, 191-199 

42. Donaldson, J., and Hill, S. J. (1987) Br. J. Pharmacol. 90, 263-271 

43. Vignes, M., Guiramand, J., Sassetti, I., and Recasens, M. (1992) Neurochem. 

Int. 21, 229-235 

44. Tang, L. H., and Aizenman, E. (1993) J. Physiol. (Lond.) 465, 303-323 

45. Reynolds, I. J., Rush, E. A., and Aizenman, E. (1990) Br. J. Pharmacol. 101, 

178— 182 

46. Sucher, N. J., Wong, L. A., and Lipton, S. A. (1990) Neuroreport 1, 29-32 



Exhibit B 



0026-895X/01/5901-46-53$3.00 

Molecular Pharmacology Vol. 59, No. 1 

Copyright © 2001 The American Society for Pharmacology and Experimental Therapeutics 189/874910 

Afd' Pharmacol 59:46-53, 2001 Printed in U.S.A 



Covalent and Noricovalent Interactions Mediate Metabotropic 
Glutamate Receptor mGlu 5 Dimerization 



CARMELO ROMANO, JUDITH KELVIN MILLER, KRZYSZTOF HYRC, SETA DIKRANIAN, STEVEN MENNERICK, 
YUTAKA TAKEUCHI, MARK P. GOLDBERG, and KAREN L O'M ALLEY 

Departments of Ophthalmology and Visual Sciences (C.R., S.D.), Anatomy and Neurobiology (C.R, J.K.M., K.LO.), Neurology (K.H., M.P.G.), 
and Psychiatry (S.M.), Washington University School of Medicine, St. Louis, Missouri; and Banyu Tsukaba Research Institute, Tsukaba, Japan 
(Y.T.) 

Received March 29, 2000; accepted September 25, 2000 This paper is available online at http://molpharm.aspetjournals.org 



ABSTRACT 

Some, perhaps all, G protein-coupled receptors form homo- or 
heterodimers. We have shown that metabotropic glutamate 
receptors are covalent dimers, held together by one or more 
disulfide bonds near the N terminus. Here we report how mu- 
tating cysteines in this region affect dimerization and function. 
Covalent dimerization is preserved when cysteines 57, 93, or 99 
are mutated but lost with replacement at 129. Coimmunopre- 
cipitation under nondenaturing conditions indicates that the 
C[129]S mutant receptor remains a dimer, via noncovalent 
interactions. Both C[93]S and C[129]S bind [ 3 H]quisqualate, 
whereas binding to C[57]S or C[99]S mutants is absent or 



greatly attenuated. The C[93]S and C[129]S receptors have 
activity similar to wild-type when assayed by fura-2 imaging of 
intracellular calcium in human embryonic kidney cells or elec- 
trophysiologically in Xenopus laevis oocytes. In contrast, 
C[57]S or C[99]S are less active in both assays but do respond 
with higher glutamate concentrations in the oocyte assay. 
These results demonstrate that 1) covalent dimerization is not 
critical for mGlu 5 binding or function; 2) mGlu 5 remains a non- 
covalent dimer even in the absence of covalent dimerization; 
and 3) high-affinity binding requires Cys-57 and Cys-99. 



Many classes of receptors, such as the tyrosine kinase- 
linked receptors and the ligand-gated ion channels, function 
as di- or oligomeric assemblies of polypeptides. In contrast, G 
protein-coupled receptors (GPCRs) have traditionally been 
thought to exist and operate as monomers. This view has 
been changing. For example, early indirect evidence, from 
radiation inactivation target-size analysis (Venter and 
Fraser, 1983) and gel electrophoresis of receptors (Brett and 
Findlay, 1979; Avissar et aL, 1983), suggested that GPCRs 
are part of larger multimeric structures. More recently, di- 
rect functional and structural studies indicated that at least 
some GPCRs are multimers, most often homodimers. For 
instance, chimeric receptors composed of an N-terminal se- 
quence from a muscarinic receptor and C-terminal half from 
an a-adrenergic receptor neither bind ligand nor activate 
effector systems, but these functions are restored by coex- 
pression with a chimera composed of an adrenergic N-termi- 
nal half and a cholinergic C-terminal half (Maggio et al., 
1993). Similarly, expression of the metabotropic y-aminobu- 
tyric acid (mGABAi or GABA-B1) receptor yields a polypep- 
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tide that binds radiolabeled antagonist but does not bind 
agonist or couple to G protein-coupled inwardly rectifying 
potassium channels unless the mGABA 2 receptor polypep- 
tide is coexpressed (Jones et al., 1998; Kaupmann et al., 
1998; White et al., 1998; Kuner et al., 1999; Ng et al., 1999). 
Such complementation experiments indicate that receptor 
functioning requires interactions between more than one re- 
ceptor polypeptide. Studies demonstrating that 5- and K-opi- 
oid receptors individually form homodimers and also het- 
erodimerize to form a hybrid with unique properties (Cvejic 
and Devi, 1997; Jordan and Devi, 1999) further substantiate 
a dimer/oligomer model. 

Diverse structural mechanisms underlie GPCR dimeriza- 
tion. For example, catecholamine receptor dimers are held 
together by noncovalent protein-protein interactions involv- 
ing the transmembrane domains (Hebert et al., 1996; Ng et 
al., 1996), whereas the mGABA (Kuner et al., 1999) and 
S-opioid receptors (Cvejic and Devi, 1997) dimerize via non- 
covalent interactions mapped to regions in the intracellular 
C-terminal region. We have shown that dimers of mGluRs 
are covalently linked by disulfide bonds located extracellu- 
larly, within *»17 kDa of the N terminus (Romano et al., 
1996). Subsequently, the Ca 2+ -sensing receptors (CaRs), 



ABBREVIATIONS: GPCR, G protein-coupled receptor; mGluR, metabotropic glutamate receptor; HA, hemagglutinin epitope; HEK, human 
embryonic kidney; AM, acetoxymethyl ester; t, truncated; h, human; wt, wild-type; DTT, dithiothreitol; mGABA, metabotropic y-aminobutryic acid; 
CaR, Ca 2 + -sensing receptor; PBP, periplasmic binding protein. 
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which are homologous to the mGluRs and share many con- 
served cysteines, have also been shown to dimerize by this 
mechanism (Bai et al., 1998). Finally, there is evidence that 
muscarinic cholinergic receptors may covalently dimerize via 
extracellular cysteines located in the o2 and o3 loops (Zeng 
and Wess, 1999). 

In this study, we examined the structural basis and func- 
tional role of dimerization of mGlu 5 using a set of mutant 
receptors. We demonstrate that Cys-129 is critically impor- 
tant for covalent dimerization but conclude that this inter- 
action is not necessary for agonist binding or receptor func- 
tion. We propose that Cys-57 and Cys-99 participate in an 
intramolecular disulfide bond not critical for covalent dimer- 
ization, but important for the integrity of the ligand binding 
site. We also demonstrate that novel noncovalent interac- 
tions, probably involving the extracellular domains, partici- 
pate in mGluR dimerization. 

Materials and Methods 

Construction of Mutant Receptors. All of the point mutations 
introduced into the mGlu 5 coding sequence were generated by re- 
combinant polymerase chain reaction (Higuchi, 1990) using sense 
and antisense primers containing the relevant cysteine to serine 
mutation. Primers included: 5 ' -AGAGGAAGTCTGGTGC AG-3 ' , 
C1571S; 5 '-CACTTGGCTCTGAGATCA-3 ' , C[93]S; 5 ' -AGATTC CTC- 
CTGGCATTC-3', C199JS; 5'-TGGTACGCTCTGTAGATG-3\ CU291S; 
and their complements. The C157,93,99,129]S mutant as well as all 
other multiple mutations were generated by using one of the single 
mutation constructs as a template together with an additional mutant 
primer pair. The resulting double mutant then served as a template for 
further mutagenesis etc. The truncated wild-type or hemagglutinin 
(HA)- tagged mGlu 5 construct was described previously (Romano et al., 
1996). The truncated mutant constructs were created by digesting their 
respective full-length clones with BstEH and Noil then ligating them 
with a truncated wild-type fragment encoding the first transmembrane 
region and C-terminal domain cut with the same enzymes. All of the 
mutant full-length and truncated clones were confirmed by sequencing. 

Cell Culture and Transfections. HEK cells were maintained in 
Dulbecco's modified Eagle's medium supplemented with 10% fetal 
calf serum (Life Technologies, Grand Island, NY) and incubated at 
37 °C with 5% C0 2 . For experiments requiring Western blotting 
and/or immunoprecipitation, plasmid DNA was transfected into sub- 
confluent HEK cells with either LT1 (PanVera, Madison, WI) or 
Fugene6 (Roche Diagnostics, Nutley, NJ) according to the manufac- 
turer's instructions, using a ratio of 3 jul of transfecting reagent per 
1 jig of DNA. Cells were harvested 24 h after transfection. 

For ratiometric Ca 2 "*" imaging, DNA was introduced into HEK 
cells via electroporation, by a modification of published protocols 
(Puchalski and Fahl, 1992; Gomeza et al., 1996; Ishmael et al., 1996). 
DNA (8 yug) was electroporated into 3 to 4 X 10 6 HEK cells in 300 yA 
of Ca 2+ -, Mg 2+ -free PBS with a Bio-Rad Gene Pulser (0.4-cm elec- 
trode gap cuvette, 2 pulses, 25 /iF, 600 ohms, 1 kV). Cells were 
subsequently kept at room temperature for 5 min, diluted in Dul- 
becco's modified Eagle's medium enriched with 10% fetal calf serum, 
and plated on poly-D-lysine-treated dishes with 35-mm grids (Mat- 
Tek, Ashland, MA). Cells were allowed to recover for 15 h before 
imaging. 

Membranes, SDS-Polyacrylamide Gel Electrophoresis and 
Western Blotting. HEK cells transfected with plasmids encoding 
wild- type (wt) or mutant mGlu 5 were washed twice with PBS, then 
incubated for 10 min at room temperature in PBS containing 12 mM 
AT-ethylmaleimide. This buffer was replaced by ice-cold lysis buffer 
composed of 2 mM HEPES, 2 mM EDTA, plus protease inhibitors 
(Complete tablets, Boehringer Mannheim, Germany). Cells were 
scraped and then disrupted in a tight-fitting, motor-driven, Teflon 



and glass homogenizer. Nuclei were pelleted (lOOOg, 5 min) and 
discarded. Membranes were pelleted by centrifugation (35,000^, 40 
min) and usually used without further washes. Membrane proteins 
were separated by electrophoresis in 7.5% Laemmli gels. The sample 
buffer for reducing gels contained 20 mM dithiothreitol (DTT) or 5% 
2-mercaptoethanol. Samples were incubated at 60°C for 3 min before 
loading; samples were never boiled. Western blotting was done as 
described previously (Romano et al., 1996), using polyvinylidene 
difluoride membranes (Immobilon; Millipore Corp., Milford, MA) and 
chemiluminescent visualization. Antibody against mGlu 5 was an 
affinity-purified polyclonal raised against the C-terminal 13 amino 
acids, as described previously (Romano et al., 1996). Antibodies 
against the HA epitope were from BABCO (Berkeley, CA). 

Immunoprecipitations. For immunoprecipitations, membranes 
were homogenized in immunoprecipitation buffer (40 mM HEPES, 
400 mM NaCl, protease inhibitors as above, pH 7.5) containing 
either 0.5% SDS (at 60°C for complete, denaturing solubilization) or 
0.5% dodecyl maltoside (at room temperature, for gentle, nondena- 
turing solubilization). The SDS extract was diluted 5-fold into im- 
munoprecipitation buffer containing 0.5% dodecyl maltoside (to se- 
quester free SDS into mixed micelles, thereby permitting 
immunoprecipitation) and protease inhibitors. The solubilized ex- 
tract was then centrifuged at 100,000g for 35 min to remove any 
undissolved material, anti-receptor antibody was added, and the 
solution was incubated at 4°C overnight. Protein A (or protein G)- 
Sepharose (Sigma, St. Louis, MO) was added, and the incubation was 
continued for 2 h at room temperature on a rocking table. The 
protein A pellets were washed three times with PBS before elution 
with sample buffer and electrophoresis. 

[ S H] Quisqualate Binding Assay. To increase the yield of recep- 
tors and thereby maximize signal, total cell membranes were used 
for the [ 3 Hlquisqualate binding assay. Cells were washed twice in 
PBS (without iV-ethyl maleimide, which decreased binding), lysed in 
hypotonic lysis buffer as above, and centrifuged at 17,000^ for 35 
min. The pellet was resuspended in buffer containing 40 mM 
HEPES, 2.5 mM Ca 2+ , and protease inhibitors. Usually, 600 nM 
[ 3 H] quisqualate was present in a final assay volume of 100 pi. 
Incubation was for 60 min at 25 °C, and bound label was separated 
from free label by fast filtration over #30 filters (Schleicher & 
Schuell, Keene, NH). Nonspecific binding was determined in the 
presence of 1 mM glutamate. 

Single Cell Fluorescent Ratiometric Measurements of In- 
tracellular Ca 2+ . Cytosolic calcium determination upon stimula- 
tion of cells with glutamate or carbachol was performed using the 
fluorescent calcium indicator fura-2 (Grynkiewicz et al., 1985) as 
described previously (Hyrc et al., 1997). The fura-2 was bath-loaded 
at 37°C by incubation for 30 min with 6 /llM fura-2/AM (Molecular 
Probes, Eugene, OR) and 0.12% of Pluronic F-127, followed by an- 
other 30-min incubation at 37°C to allow for hydrolysis of the AM 
ester. Calcium measurements were carried out using standard ratio- 
imaging techniques. Cells loaded with fura-2 were imaged on an 
inverted microscope (Nikon Diaphot, Nikon Inc., Melville, NY) using 
a 40 X, 1.3 numerical aperture fluorite oil immersion objective (Ni- 
kon) and an ICCD camera (Hamamatsu Photonics, Oak Brook, IL). A 
75-W xenon arc lamp was used to provide fluorescence excitation. 
The excitation wavelengths were selected by using band-specific 
filters (340HT15 and 380HT15; Omega Optical, Brattleboro, VT) in 
combination with an XF73 dichroic mirror (Omega Optical). 

Ratio images were obtained by acquiring pairs of images at alter- 
nate excitation wavelengths (340/380 nm) and filtering the emission 
at >510 nm (EFLP filter, Omega Optical). Image acquisition and 
processing were controlled by a personal computer connected to the 
camera and filter wheel (MetaFluor, Universal Imaging Corp., West 
Chester, PA). Image pairs were captured every 10 s and digitized, 
and the images at individual wavelengths were averaged over four 
frames. All imaging experiments were carried out at room tempera- 
ture in a HEPES- and bicarbonate-buffered salt solution containing 
116 mM NaCl, 5.4 mM KC1, 1 mM NaH 2 P0 4 , 25 mM NaHC0 3 , 1.8 
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mM CaCl 2 , 1 mM MgS0 4 , 12 mM HEPES, and 5.5 mM D-glucose, pH 
7.45 ± 0.2. 

Immunocytochemistry. After image analysis, cells were ana- 
lyzed immunocytochemically to confirm receptor expression. Cells 
were washed with PBS for 5 min, fixed for 15 min at room temper- 
ature with 4% paraformaldehyde in PBS, washed with PBS for 5 
min, and further processed or stored in 5 ml of PBS at 4°C until 
analyzed for receptor content the next day. The cells were washed 
two more times for 5 min per wash; blocked for 30 min with 1% 
bovine serum albumin, 0.1% Triton, in PBS; incubated 1 h at 37°C in 
1% bovine serum albumin, 0.1% Triton in PBS containing the poly- 
clonal rabbit anti-mGluR5; washed three times for 5 min per wash 
with PBS; incubated in the dark for 45 min at room temperature 
with goat-anti-rabbit Cy3 (Jackson ImmunoResearch, West Grove, 
PA) in 1% bovine serum albumin, 0.1% Triton in PBS; washed three 
times for 5 min per wash with PBS; stored in PBS; and observed and 
photographed under fluorescence at magnification 200. In the case of 
N-terminally HA-tagged receptors (see Fig. 5C), surface expression 
was confirmed by performing the labeling in the absence of deter- 
gent, using anti-HA (Covance, Richmond, CA) as primary antibody. 

Activation of Ca 2+ -Dependent Cl~ Channels in Xenopus lae- 
vis Oocytes. Linearized pcDNA3 plasmids containing wild-type or 
mutant mGlu 5 coding sequences were transcribed using an in vitro 
transcription kit (mMESSAGE mMACHINE, Ambion, Austin, TX). 
Transcript levels and integrity were verified on formaldehyde RNA 
gels. Oocytes were harvested from X. laevis under tricaine (0.1%) 
anesthesia. Oocytes were enzymatically defolliculated in a collage- 
nase (2 mg/ml) saline solution containing 96 mM NaCl, 2.5 mM KC1, 
1.0 mM MgCl 2 , and 10 mM HEPES, pH 7.4 at 37°C for 20 min. 
Oocytes were maintained at 18°C in the above saline solution with 
1.8 mM CaCl 2 and supplemented with theophylline (0.5 mM) and 
sodium pyruvate (0.55 mg/ml). Individual oocytes were injected with 
40 ng of wild-type or mutant complementary RNA and were assayed 
electrophysiologically 2 to 8 days after injection. 

Oocyte electrophysiology was performed using an Axoclamp 2-B 
amplifier (Axon Instruments, Foster City, CA) in the two-electrode 
voltage-clamp configuration. Recording pipettes filled with 3 M KC1 
had an open tip resistance of approximately 1 MO. For recording, 
individual oocytes were washed for 15 to 30 min with calcium- 
containing saline solution lacking the theophylline and pyruvate 
supplements. Oocytes were placed in a 100-/xl chamber and were 
constantly perfused (2 ml/min) during the experiment with un- 
supplemented saline solution. 

Endogenous calcium-dependent chloride currents, activated by 
20-s applications of 100 u-M glutamate, were used to detect mGluR 
activation. Oocytes were clamped at -20 mV, near the chloride 
equilibrium potential to avoid intracellular chloride shifts during 
mGluR activation. The membrane potential was briefly (20 ms) 
pulsed to +30 mV once per second. The outward chloride current at 
the end of this 20-ms voltage pulse was measured before, during, and 
after perfusion of glutamate. 

Results 

Mutating Cysteine 129 Disrupts Covalent Dimeriza- 
tion of mGlu 5 . Previous results indicated that the disulfide 
bond(s) responsible for covalent dimerization of mGlu 5 in- 
volve(s) a cysteine or cysteines located within ^17 kDa of the 
N terminus (Romano et al., 1996). There are four cysteines in 
this region, residues 57, 93, 99, and 129. Three of these, 57, 
99, and 129, occupy positions conserved across the entire 
family of mGluRs and CaRs. 

To determine whether these cysteines were involved in 
disulfide-dependent dimer formation, we adopted the strat- 
egy of mutating to serine and examining the consequences of 
these manipulations for receptor structure. Under nonreduc- 
ing conditions, receptors mutagenized at Cys-129 migrated 



at the monomeric molecular weight, whereas wt, C57S, 
C93S, and C99S migrated as dimers (Fig. 1). These data 
indicate that Cys-129 participates in interactions critical for 
covalent dimerization. 

Previous results indicated that a truncated form of mGlu 5 
(composed of the extracellular N terminus, one transmem- 
brane domain, and the first nine amino acids of intracellular 
loop 1 in-frame with the final 32 amino acids of the C termi- 
nus) was also a covalent dimer, and, when coexpressed, 
would assemble into heterodimers with the full-length recep- 
tor (Romano et al., 1996). When an epitope-tagged version of 
this truncated receptor (tm5HA) was coexpressed with each 
of the set of full-length receptors mutated at individual cys- 
teines, heterodimers formed between tm5HA and the wt, 
C57S, C93S mutants, but not with C99S or C129S (Fig. 2). 

We then examined the behavior of single and multiple 
cysteine mutants of the truncated mGlu 5 . When electropho- 
resed under nonreducing conditions, truncated mGlu 5 with 
wild-type cysteines migrated as a dimer, but the tetra-mu- 
tated tC[53,93,99,129]S migrated as a monomer (Fig. 3, wt, 
t[57,93,99,129]). This is consistent with the hypothesis that 
one or more of these cysteines participate in the disulfide 
bond necessary for covalent dimerization. When tCys-57, 
tCys-93, or tCys-99 were individually mutated to serine, a 
small fraction of each of these truncated receptors migrated 
as monomer under nonreducing conditions, but the majority 
appeared to be intact dimer. The tC[129]S mutant, on the 
other hand, migrated nearly exclusively as a monomer (Fig. 
3). Interestingly, for all the mutants examined, there was 
often a fraction of the receptor polypeptide that migrated at 
a molecular weight greater than that of the dimer, although 
this was variable from experiment to experiment. This sug- 
gests that assembly of mutant truncated receptors may be 
imperfect. When Cys-129 was left intact, but Cys-57, Cys-93, 
and Cys-99 were altered to serines, covalent dimerization 
was also lost. In fact, when any combination of three of the 
first four cysteines was altered, dimerization was lost (Fig. 
3). Collectively, these data strongly support the contention 
that covalent dimerization of mGlu 5 critically depends on 
Cys-129. 

Noncovalent Dimerization of Truncated mGlu 5 Is 
Present in tC[129]. The absence of disulfide-mediated cova- 
lent dimerization does not preclude the possibility that mutant 
receptor polypeptides may exist as dimers held together by 
noncovalent protein-protein interactions. To test for noncova- 
lent interactions dependent on the N-terminal region of the 
receptor, coimmunoprecipitation experiments were performed 
using the truncated receptors under conditions that would ei- 
ther preserve or disrupt noncovalent interactions. Cells were 
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Fig. 1. Western blot analysis of wild-type and cysteine- mutated mGlu 5 
expressed in HEK cells. Samples were prepared without reduction. The 
numbers above the gel lanes signify the position of the cysteine that has 
been changed to serine. 
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cotransfected with the HA-tagged truncated wild-type mGlu 5 , 
together with truncated receptors containing the wild-type C- 
terminal epitope but mutated at selected cysteines. Membranes 
were prepared from these cells, then solubilized under gentle 
(room temperature, buffer containing 0.5% dodecyl maltoside) 
or denaturing (0.5% SDS, 3 min heating at 60°) conditions. An 
aliquot of each membrane preparation was used to confirm 
receptor expression by Western blotting (Fig. 4, top two panels). 
The remainder of each extract was immunoprecipitated with 
antibody against the wild-type C terminus, and the presence of 
HA-tagged mutant receptor in the immunoprecipitate was de- 
termined by Western blotting. Despite denaturation, the HA 
tagged-truncated receptor was coimmunoprecipitated when it 
was expressed in the presence of truncated wild-type receptor, 
as expected for a covalent heterodimer (Fig. 4C). Similar results 
were observed with C[57]S, C[93]S, and C[99]S (data not 
shown) as expected, because these receptors also appear to be 
covalent dimers (Fig. 3). Mutation of the first four cysteines, or 
of Cys-129 individually, led to the loss of coimmunoprecipitation 
under the denaturing conditions (Fig. 4C). This is consistent 
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Fig. 2. Western blot analysis of HA-tagged, truncated mGlu 5 coexpressed 
with wild-type and cysteine- mutated full-length mGlu 5 in HEK cells. 
Samples were prepared without reduction. The numbers above the gel 
are as in Fig. 1. A monoclonal antibody to the HA-epitope was used for 
visualization of the HA-tagged truncated mGlu 5 . 
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Fig. 3. Western blot analysis of wild-type and cysteine- mutated trun- 
cated mGlu B expressed in HEK cells. For the top gel, samples were 
prepared without reduction; for the bottom gel, samples were reduced 
using 20 mM DTT. Each lane represents a different mutant. The num- 
bers above the gel lanes signify the position of the cysteine or cysteines 
that have been changed to serines. Under reduced conditions, all recep- 
tors migrated as **80 kDa monomers. Under non reduced conditions, the 
wt, C[57JS, C193]S, and C[99]S mutants migrate mostly as dimers, 
whereas the C[129]S and the multiply mutated receptors, migrate pri- 
marily as monomers. 



with the results presented in Figs. 1 through 3 demonstrating 
the absence of covalent dimerization in these mutants. In con- 
trast, when gentler, nondenaturing conditions were used to 
solubilize the membranes, HA-tagged receptor was present in 
the immunoprecipitate when either t-wt or tC[129]S, but not 
tC[57,93,99,129]S, were coexpressed (Fig. 4D). These data indi- 
cate that the tC[129]S mutant exists as a noncovalent dimer 
with the receptor containing wild-type cysteines. This noncova- 
lent dimerization is not present when all of the first four cys- 
teines have been mutated. 

Effect of Cysteine Mutations on [ 3 H]Quisqualate 
Binding to mGiu 6 . To determine whether elimination of 
covalent dimerization in mGlu 5 alters the properties of the 
receptor binding site, binding studies using [ 3 H] quisqualate 
as a radioligand were performed. Relative to the full-length 
wt receptor, the C[57,93,99,129]S mutant had greatly re- 
duced detectable binding of [ 3 H] quisqualate (Table 1). When 
the individual cysteines were mutated, binding was pre- 
served with C[93]S and C[129]S but effectively eliminated 
with C[57]S or C[99)S. Similar results were obtained when 
analogous mutations of the truncated receptor were analyzed 
(Table 1). Receptor expression was confirmed by Western 
blotting. Because covalent dimerization is lost in the 
tC[129]S mutants but binding is preserved, agonist binding 
is not critically dependent on covalent dimerization. 

Accurate values for dissociation constants are very difficult 
to obtain by saturation analysis using a relatively low affin- 
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Fig. 4. Coimmunoprecipitation of the epitope-tagged receptor together 
with the cysteine- mutated receptors demonstrates covalent and nonco- 
valent dimerization. HEK cells were transfected with truncated mGlu 5 
containing the HA epitope at the C terminus (-/HA) or cotransfected 
with this receptor and a truncated mGlu 5 containing the wt C terminus 
and wt or mutated cysteines as indicated. The top panel demonstrates 
expression of the receptors bearing the wt C terminus and the cysteine 
alterations. The second panel demonstrates expression of HA-tagged 
receptor in each cotransfected cell type. The third panel demonstrates 
that, upon solubilization under denaturing conditions (0.5% SDS, 60*0, 
only receptors containing all wt cysteines will coprecipitate the HA- 
tagged receptor. The fourth panel illustrates that, with gentle solubiliza- 
tion (0.5% dodecyl maltoside, room temperature), the C(129]S mutant 
will also coprecipitate the HA-tagged receptor but the multple mutant 
will not. 
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ity radioligand such as [ 3 H] quisqualate. Nonetheless, satu- 
ration analysis was performed with full-length versions of 
the wild-type and C[129]S mutant receptors. Wild-type re- 
ceptor bound [ 3 H] quisqualate with a K v value of 514 nM 
(±187 nM, N = 3 ± S.E.M.), whereas the C[129]S mutant 
bound with a tf D value of 583 nM (±57 nM, N = 3 ± S.E.M.). 
Thus, the binding affinities for [ 3 H] quisqualate are similar 
between the wild-type and C[129]S mutant, although subtle 
differences may exist that will be more readily assessed when 
higher affinity radioligands are available. 

Effect of Cysteine Mutations on mGlu 5 -Induced Cal- 
cium Mobilization in HEK Cells. Glutamate-induced mo- 
bilization of intracellular calcium was analyzed by fura-2 
fluorescence microscopy in HEK cells transiently transfected 
with wt or mutant full-length mGlu 5 . Representative re- 
sponses of two individual cells transfected with the indicated 
mutant are shown in the upper part of Fig. 5; a compilation 
of the peak responses from all cells are shown below. All the 
results shown reflect the responses of cells that both re- 
sponded to carbachol (which activates an endogenous mus- 
carinic receptor on HEK cells) and had confirmed expression 
of transfected mGlu 5 (via post hoc fixation, immunocyto- 
chemistry, and field relocation). 

Cells transfected with a noncoding vector never showed a 
calcium response to added glutamate. In contrast, almost all 
cells expressing wild-type mGlu 5 responded to glutamate 
with an increase in intracellular calcium (Fig. 5). In most 
cells, the response was oscillatory, and the oscillations per- 
sisted for many minutes after washout of glutamate. Similar 
responses were seen with C[93]S (not shown) and with the 
dimerization-defective mutant C[129]S (Fig. 5). Many of the 
cells transfected with the C[57]S mutant had a calcium re- 
sponse, but persistent oscillations were rare. A much smaller 
fraction of cells transfected with the other mutants re- 
sponded, but never strongly, or with persistent oscillations. 
Taken together, these results demonstrate that covalent 
dimerization is not essential for receptor functioning but 
alterations in several individual or multiple cysteines disrupt 
receptor-mediated calcium responses. 

Although we only counted responses from individuals cells 
that had been confirmed immunocytochemically to express 
the wild-type or mutant receptors, another experiment was 
performed to better document that the poorly responding 
single mutants were reaching the cell surface. An HA-epitope 
tag was added to the N terminus, immediately after the 
presumed signal sequence, of receptors with all wt cysteines 



TABLE 1 

Binding of [ 3 H] quisqualate to mGlu 5 and mutants in HEK cell 
membranes 



Binding Relative to wt ± S.D. (n = 4) 


fl, wt" 


1.00 (= 910 fmol/mg protein) 


fl, C(57)S 


0.00 ± 0.01 


fl, C(93)S 


1.51 ± 0.25 


fl, C(99)S 


0.00 ± 0.01 


fl, C(129)S 


1.23 ± 0.20 


fl, C(57, 93, 99, 129)S 


0.11 ± 0.15 


t-wt 


1.00 (= 948 fmol/mg protein) 


tC(57)S 


0.00 ± 0.01 


tC(93)S 


1.75 ± 0.05 


tC(99)S 


0.03 ± 0.03 


tC(129)S 


2.25 ± 0.63 


tC(57, 93, 99, 129)S 


0.18 ± 0.14 



■ fl = full-length; t - truncated. 



or the C[57]S or C[99]S mutations. Cells were incubated with 
anti-HA followed by fluorescent secondary antibody without 
permeabilization and visualized. Similar numbers of cells 
were labeled with a similar intensity (Fig. 5C). Therefore, 
mutation of Cys-57 or Cys-99 does not prevent receptor 
transport and expression on the plasma membrane. The pos- 
sibility of misfolding leading to altered surface expression or 
function of the triple mutants has not yet been explored. 

Effect of Cysteine Mutations on mGlu 5 Activation of 
Endogenous C a 2 """-Dependent Cl~ Channels inX laevis 
Oocytes. When expressed in X. laevis oocytes, wild-type 
Group I mGluRs robustly activate the endogenous Ca 2+ - 
dependent Cl~ channels. Responses of mGlu 5 wild-type and 
mutant receptors to the addition of 100 pM glutamate were 
similar to those seen with the calcium-imaging studies (Fig. 
6, A and B). Specifically, mutation of nonconserved Cys-93, or 
covalent dimerization-disrupting Cys-129, maintained an ac- 
tivity level comparable with wild-type, whereas C[57]S, 
C[99]S, or C[57,93,99,129] gave no, or greatly attenuated, 
responses. Interestingly, C[57]S and C[991S respond simi- 
larly to wild-type when exposed to 20 mM glutamate (Fig. 
6C). 

Discussion 

The structural bases and functional consequences of GPCR 
dimerization are just beginning to be explored. Previously, 
we demonstrated that mGluRs covalently dimerize via extra- 
cellular disulfide bonds. The present findings demonstrate 
that covalent dimerization of mGlu 5 , mediated by disulfide 
bonds, is not critical for the functioning of this receptor. This 
conclusion is based on the identification of a mutant that 
differs from wild-type by a single amino acid, C[129]S, in 
which covalent dimerization is absent, yet the receptor is 
synthesized, exported to the plasma membrane, binds ago- 
nist, and serves to mobilize intracellular calcium in a manner 
indistinguishable from wild-type. The presence of noncova- 
lent dimerization was also identified. Thus, covalent and 
noncovalent bonds participate in mGluR dimerization. 

A model of mGluR structure was previously proposed by 
O'Hara et al. (1993). These investigators identified sequence 
and secondary structure homologies between the ionotropic 
and metabotropic glutamate receptors and a structurally 
well defined class of bacterial proteins known as the periplas- 
ms binding proteins (PBPs). Based on these similarities, as 
well as receptor mutagenesis, they proposed a bi-lobed "Ve- 
nus Flytrap" model for the extracellular ligand-binding do- 
main of mGluRs. Further confirmation of this model, in par- 
ticular the extracellular location of the binding site in 
mGluRs, was found in studies showing that binding is pre- 
served when the truncated extracellular domains of mGlu x or 
mGlu 4 were expressed as secreted, soluble proteins (Oka- 
moto et al., 1998; Han and Hampson, 1999). Additionally, 
recent chimeric and point mutation studies of the closely 
related CaR (Brauner-Osborne et al., 1999) and the more 
distantly related mGABA receptor (Malitschek et al., 1999) 
demonstrated that the extracellular domain of these recep- 
tors also could fold and bind agonists in a manner analogous 
to the mGluRs. Finally, molecular modeling studies of the 
mGABAi receptor suggest an even closer fit to the PBP-like 
structure than exhibited by mGluRs or CaRs (Galvez et al., 
1999). 
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Our previous work suggesting that the disulfide bond re- 
sponsible for dimerization was located within 20 kDa of the N 
terminus, together with the model inferred from the PBP 
crystallography data (O'Hara et al., 1993). This permitted us 
to predict a role for Cys-129 in dimerization. Specifically, of 
the four possible cysteines in this region, Cys-93 is not con- 
served, and Cys-57 and Cys-99 probably form an intramolec- 
ular disulfide bond as described below. Only Cys-129 would 
be located on the outer edge of the "Venus Flytrap" in a 
region removed from the core of the binding pocket and not 
predicted to be near other free cysteines. Inasmuch as the 
mutant C[129]S failed to covalently dimerize, the proposed 
model received further confirmation. 

High resolution crystallographic studies of at least six dif- 
ferent PBPs have established the presence of an intramolec- 



ular disulfide bond ensuring that one side of the ligand- 
binding pocket is covalently held in place (Sack et al., 1989). 
An analogous pair of cysteines has been conserved in the 
mGABA receptor, and mutation of these residues leads to the 
loss of binding. However, DTT treatment of membranes con- 
taining wild-type mGABA receptor did not prevent binding, 
leading Galvez et al. (1999) to suggest that this disulfide 
bond is important for the correct initial folding, but not 
maintenance, of the active conformation of the binding site. 
Interestingly, mGluRs and CaRs, which are less homologous 
to the mGABA receptors or PBPs and more similar to each 
other, have not conserved one of the pivotal cysteines in- 
volved in the PBP-like intramolecular disulfide. Rather, 
mGluRs and CaRs have a conserved cysteine located in the 
insert between the region homologous to the first /3-sheet and 
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Fig. 5. Changes in intracellular free 
[Ca 2+ ] induced by glutamate in HEK 
cells expressing full-length wt and 
cysteine-mutated mGlu G . A, repre- 
sentative traces from two cells for 
each of six different receptors. The 
first bar under each . of the traces in- 
dicates the time of exposure to 1 mM 
glutamate; the second bar indicates 
the time of exposure to 1 mM carba- 
chol. B, compiled data from all cells. 
Each data point represents the max- 
imum response to glutamate in a sin- 
gle cell, and the horizontal bars show 
the average responses of all cells for 
each mutant. The number of cells of 
each type is indicated. The statistical 
significance of the differences (a = 
0.05) was assessed using one-way 
ANOVA on ranks. *, different from 
those of nontransfected controls; #, 
different from wild-type. The cells in- 
cluded in the analysis were pooled 
from 4 to 13 independent experi- 
ments (2 for vector controls). C, im- 
munocytochemical labeling under 
nonpermeabilizing conditions using 
an anti-HA-antibody demonstrates 
surface expression of N-terminally 
HA-tagged mGlu 5 (wild-type, C(57]S, 
orC[99]S). 
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the first a-helical region of the PBP [see (Brauner-Osborne et 
al. (1999) and Galvez et al. (1999) for alignments]. The align- 
ment of O'Hara et al. (1993) of the secondary structure ele- 
ments would place this cysteine (Cys-57 of mGlu 5 ) in close 
proximity to the cysteine that is completely conserved 
throughout the known PBPs, mGABAs, CaRs, and mGluRs 
(Cys-99 of mGlug). Therefore, given the spatial proximity 
predicted by the molecular modeling studies (O'Hara et al., 
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Fig. 6. Calcium-dependent chloride currents induced by glutamate in X. 
laevis oocytes expressing full-length wt and cysteine-mutated mGlu 5 . A, 
representative traces for each of five different receptors. The bar under 
each trace indicates the time of exposure to 100 glutamate. Note that 
wt, C[93]S, and C[129]S responded, whereas the others did not. B, com- 
piled data from all oocytes tested at 100 m-M glutamate. Each data point 
represents the maximum response to glutamate in a single oocyte, and 
the horizontal bars show the average response of all cells for each mutant. 
The number of cells tested is indicated. The statistical significance of the 
differences (or = 0.05) was assessed using one-way AN OVA on ranks. #, 
different from wt. C, responses to 20 mM glutamate by oocytes injected 
with C[57]S or C[99]S. 



1993; Brauner-Osborne et al., 1999; Galvez et al., 1999), it 
seems reasonable to propose that Cys-57 and Cys-99 of 
mGlu 5 form an intramolecular disulfide bond that would be 
in approximately the same position as the disulfide bond of 
the PBPs. Mutation of these residues would be expected to 
disrupt function. Indeed, negligible binding of [ 3 H] quisqual- 
ate to either C[57]S or C[99]S (or any of the triple mutations, 
including these residues, data not shown) was observed (Ta- 
ble 1). Moreover, there was no functional response to 100 /xM 
glutamate when either of these mutants were expressed in X. 
laevis oocytes but the C[57]S mutant did exhibit a transient 
response to glutamate in the HEK cell Ca 2 * mobilization 
assay. Both C[57]S and C[99]S responded inX laevis oocytes 
when tested at 20 mM glutamate. Presumably, this reflects 
an extant, but greatly decreased affinity of agonists for the 
C[57]S and C[99]S mutant receptors. Taken together, these 
results are consistent with important roles for Cys-57 and 
Cys-99 in the structure of the agonist binding site. 

Covalent, disulflde-dependent dimerization has also been 
reported in a human CaR (Bai et al., 1998), although there 
are conflicting reports concerning the effects of mutating 
cysteines on receptor dimerization and function. In one study 
(Pace et al., 1999), mutating the residue equivalent to mGlu 5 
Cys-129 (hCaR Cys-131) did not disrupt dimerization, 
whereas individual mutations at positions homologous to 
Cys-99 and Cys-240 (hCaR Cys-101 and Cys-236) partially 
disrupted dimerization, and mutating both residues pre- 
vented dimerization. In contrast, Ray et al. (1999) noted that 
there are two cysteines in this region (hCaR Cys-129 and 
Cys-131), and covalent dimerization of the receptor is pre- 
vented when both are mutated to serine. Pace et al. (1999) 
did not examine the properties of this double mutant. Inter- 
estingly, introduction of a new cysteine between the mu- 
tagenized sites restored covalent dimerization (Ray et al., 
1999). Thus, either Cys-129 or Cys-131 (or both) of the hCaRs 
participate in disulflde-dependent dimerization. Function- 
ally, this dimerization-deficient double mutant is properly 
glycosylated, is expressed on the cell surface, and actually 
has a higher affinity for Ca 2+ than the wild-type receptor 
(31). These results are quite analogous to the findings pre- 
sented here. 

Our results indicate that mGluRs dimerize via noncovalent 
bonds as well as disulfide bonds, although neither the mech- 
anism nor the functional role of this noncovalent dimeriza- 
tion has been determined. We have identified some mutants 
in which noncovalent as well as covalent dimerization has 
been disrupted (data not shown), however, poor expression or 
misfolding make straightforward interpretation of such re- 
sults difficult at present. Because the tetramutated 
tC [57,93, 99,1 29] S lost the ability to coimmunoprecipitate un- 
der nondenaturing conditions, this may indicate that the 
extracellular domain contains moieties critical to noncova- 
lent dimerization. We cannot rule out, however, the possibil- 
ity that the single remaining transmembrane portion of this 
truncated receptor affects this process. Additional experi- 
ments will be required to address this model. Because each 
functional mutant we have studied is either a covalent or 
noncovalent dimer, dimerization may be required for func- 
tioning. This has not been adequately tested however. Local- 
ization of the specific residues involved in noncovalent dimer- 
ization should help elucidate the role that the dimerized 
state plays in the functioning of the mGluRs. 
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Several different types of protein-protein interactions have 
been described as responsible for the noncovalent bonds be- 
tween GPCR polypeptides. For example, D2 and ^-adrenergic 
receptor dimers appear to involve interactions between 
transmembrane domains (Hebert et al., 1996; Ng et al., 
1996), whereas dimerization of mGABA receptors involves a 
region of the intracellular C-terminal domain (Kuner et al., 
1999). Our experiments demonstrate that a site of noncova- 
lent interaction between mGlu 5 monomers is likely to be in 
the extracellular domain. Dimerization of the bradykinin B2 
receptor has recently been shown to involve the extracellular 
N terminus (AbdAlla et al., 1999). 

Given the presence of noncovalent dimers of mGlu 5 , and 
the activity of the C[129]S mutant, it is not clear what the 
precise function of disulfide-mediated covalent dimerization 
of mGluRs may be. Because it is not required for agonist 
binding or signal transduction measured in the standard 
ways, it must serve a more elusive role. Mechanistically, 
covalent dimerization might "lock-in" noncovalent interac- 
tions, thereby contributing to dimer specificity and/or stabil- 
ity. An additional speculation is that covalent dimerization is 
related to modulation of signal transduction, perhaps involv- 
ing receptor desensitization or the kinetics of ligand binding 
or second-messenger formation. Alternatively, covalent 
dimerization may be important for a function not directly 
related to signal transduction, perhaps involving interaction 
with an extracellular target on the plasma membrane of the 
pre- or postsynaptic neuron, a glial cell, or the extracellular 
matrix. 
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Novel allosteric antagonists shed light on mglu 5 
receptors and CNS disorders 

Will RJ.M. Spooren, Fabrizio Gasparini, Thomas E. Salt and Rainer Kuhn 



Although multiple metabotropic glutamate 
(mglu) receptor subtypes were cloned in 
the early 1990s, progress in the 
characterization of these receptors has 
been slow because of difficulties in 
obtaining subtype-selective ligands. 
However, in the past few years exciting 
progress has been made on the mglu 5 
receptor subtype following the 
identification of selective non-amino-acid- 
like ligands that implicate the mglu 5 
receptor as a potentially important 
therapeutic target, particularly for the 
treatment of pain and anxiety. 

To date, eight subtypes of metabotropic 
glutamate (mglu) receptors have been 
cloned and classified into three groups on 
the basis of sequence similarities, and 
pharmacological and biochemical 
properties: Group I mglu receptors (mglUj 
and mglug), Group II mglu receptors (mglu 2 
and mglug) and Group III mglu receptors 
(mglu 4 , mglu 6 , mglu 7 and mglug) 1 . 

Although Group I mglu receptors are 
highly related, both mglUj and mglu 5 
receptors have a distinct expression 
pattern in the brain, which clearly 
suggests differential roles in nervous 



Table 1. Distribution of mglu, and mglu 5 
receptors in the rat brain 8 b 



Rat brain region 


mglu, 


mglu 5 


Cortex 


+ 


++W 


Caudate-putamen 


+ 


+++ 


Nucleus accumbens 


+ 


+++ 


Olfactory tubercle 


+ 


+++ 


Globus pallidus 


++ 


++ 


Substantia nigra 


+ 


+ 


Subthalamic nucleus 


++ 


+ 


Hippocampus 






CA1 


+ 


+++ 


CA3 


+ 


+++ 


dentate gyrus 


++ 


+++ 


Cerebellum 


+++ 




(Purkinje cell layer) 






Spinal cord 






lamina Mil 
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+++ 


lamina IV-V 


+ 


+ 


■Abbreviation: mglu, metabotropic glutamate 




"Symbols: no detectable expression; +, low 




expression; ++, moderate expression; +++, high 


expression. Adapted and modified from Refs 2 and 3. 
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Fig. 1. Metabotropic glutamate Group I (mglu, and 
mglUj) receptor-like immunoreactivity in rat brain 
parasagittal sections. Abbreviations: Acb, nucleus 
accumbens; Hi, hippocampus; IC, inferior colliculus; 
LS, lateral septal nucleus; OT, olfactory tubercle; 
SC, superior colliculus; SpV, spinal trigeminal nuclei; 
Th, thalamus. Reproduced, with permission, from Ref. 3. 

system function (Table l) 2 ' 3 . mglu 5 
receptors are found most abundantly 
throughout the cerebral cortex, 
hippocampus, basal ganglia and some 
parts of the spinal cord (Fig. 1). Recently, 
subtype-selective ligands for the mglu 5 
receptor were discovered and their effects 
in animal models of various nervous 
system disorders characterized. 

Non-amino-acid-like mglu 5 receptor 
antagonists 

A large number of mglu receptor ligands 
have been described and can be classified 
into two groups according to their mode of 
inhibition 4 . The vast majority of 
compounds are amino acid derivatives that 
interact competitively at the glutamate- 
binding site located in the large 
extracellular N-terminal domain. 
Particularly for Group I receptors, selective 
competitive antagonists are very scarce, 
have low potency and do not show subtype 
selectivity. The most potent compound is 
currently LY393675 (Fig. 2), a nonselective 
antagonist with IC^ values of 0.48 and 
0.35 um at mglu 5 and mglUj receptors, 
respectively 4 . More recently, LY344545 
(Fig. 2) has been described as a selective 
competitive antagonist at the mglu 5 



receptor with a selectivity factor of seven 
for mglu 5 over mglu 1 receptors. However, 
LY344545 has low potency (IC^ =5.5 um) 
and also antagonizes Group II receptors in 
a similar potency range 5 . Despite these 
significant advances, potent and subtype- 
selective competitive ligands have not been 
identified. Moreover, amino-acid-derived 
ligands generally show poor blood-brain 
barrier penetration, thus limiting their use. 

Recently, novel mglu receptor 
antagonists were identified using 
functional assays by screening compound 
libraries for non-amino-acid-like 
substances. The first subtype-selective 
mglu 5 receptor antagonists reported were 
SIB1757 and SIB1893 (Fig. 2) with IC^ 
values of 3.7 and 3.5 um, respectively, in 
the inositol phosphate (IP) accumulation 
assay 6 . Shortly after, 2-methyl-6- 
(phenylethynyl)-pyridine (MPEP) was 
described 7 , a 100-fold more potent 
antagonist derived from chemical 
variation of SIB1893. At human mglu 5a 
receptors, expressed in recombinant cells, 
and rat mglu 5 receptors in neonatal 
cortical slices, MPEP inhibited 
quisqualate-stimulated IP production 
with IC 50 values of 36 nM and 17.9 nM, 
respectively, but had no significant 
agonist or antagonist activities at cells 
expressing other metabotropic or 
ionotropic glutamate receptor subtypes at 
concentrations up to 10 um (Ref. 7). 
However, at high concentrations (i.e. 20 um 
and 200 um, respectively) 1000-10 000-fold 
above its IC 50 , MPEP inhibited NMDA 
receptor activity by 22.6% and 64.9% in 
electrophysiological recordings of rat 
cultured primary cortical neurones 8 . 
Details of the mechanism and site of 
action of these new antagonists are 
provided in Box 1. Furthermore, 
extracellular recordings in the 
hippocampus showed that responses to 
iontophoretic application of the selective 
Group I mglu receptor agonist (i?,S)-2,5- 
dihydroxyphenylglycine (DHPG) but not 
AMPA were inhibited by MPEP (either 
iontophoretically or intravenously) 7 ; 
similarly, iontophoretic application of 
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MPEP reduced neuronal responses in the 
thalamus to the selective mglu 5 receptor 
agonist (i?,5)-2-chloro-5- 
hydroxyphenylglycine (CHPG) compared 
with those responses to NMDA (Ref. 11), 
indicating that MPEP is also a selective 
mglu 5 receptor antagonist in vivo (Box 2). 

Physiology of mglu 5 receptors 

Activation of Group I receptors can elicit a 
variety of postsynaptic effects on central 
neurones such as depolarization via a 
reduction of K + conductance or an increase 
in inward cation current 1 . This typically 
causes increases in neural firing and 
potentiation of synaptic inputs. Presynaptic 
effects of Group I receptor activation have 
also been demonstrated 1 . The development 
of selective mglUj and mglu 5 receptor 
antagonists now enables the investigation 
of some of these actions mediated by mglUj 
and/or mglu 5 receptors specifically. 
Interestingly, in the subthalamic nucleus 
in vitro, the depolarizing effect via reduction 
of K + conductance of Group I receptor 
activation is attributable solely to mglu 5 
receptors, even though both mglu x and 
mglu 5 receptors are present 10 . The converse 
appears to be the case in the thalamus 
in vitro, where similar effects appear to be 
mediated specifically via mglUj receptors 
even though mghu receptors are known to 
be present 9 . This indicates very specific 
membrane effects that are dependent on the 



brain region, which might be very 
important both functionally and 
pharmacologically. It is noteworthy that 
such mglu receptor activation by exogenous 
agonists in vitro is not necessarily 
accompanied by obvious excitatory synaptic 
events 10 , possibly reflecting that conditions 
in slices are not optimal to reveal 
physiological release of glutamate onto such 
receptors 9 ' 10 . In this respect, it is interesting 
that in the thalamus in vivo, activation of 
either mglUj or mglu 5 receptors can have an 
excitatory effect, and that both receptors 
appear to possess synaptic roles 11 . 

Specific modulation of NMDA responses 
by mglu 5 receptor activation occurs in 
several brain areas 11-13 . Together with the 
probable specific colocalization of receptors 
in synaptic and peri-synaptic areas, this 
offers a highly selective method of mglu 5 
receptor potentiation of NMDA-receptor- 
mediated synaptic activity. However, in vivo 
(where neuronal membranes are not 
voltage clamped) there could also be a 
modulation of synaptic responses as a result 
of the effects of mglu 5 receptor activation on 
membrane resistance and potential, and 
this will be less selective 11 ' 14 * 15 . Thus, there 
might be at least two ways in which mglu 5 
and/or mglUj receptors could potentiate 
synaptic responses, and it might be that 
these have a different functional relevance, 
perhaps in terms of time-course or in 
synaptic plasticity 16 . Interestingly, mglUj- 





LY393675 



LY344545 



(b) 





SIB1893 



MPEP 



Fig. 2. Structures of Group t metabotropic glutamate (mglu) receptor antagonists, (a) LY393675 is a nonselective 
mglu, and mglu 5 receptor antagonist whereas LY344545 is a selective mglu s receptor antagonist, (b) SIB1893 and 
MPEP [2-methyl-6-(phenylethynyl)-pyridine] are recently developed noncompetitive and selective mglu s receptor 
antagonists. 



receptor-mediated potentiation of 
ionotropic responses might involve protein 
kinase C, whereas the apparently similar 
effect of mglu 5 receptors might not 15 . The 
newly available antagonists should play a 
significant role as tools in further in-depth 
investigations. 

Box 1. Allosteric mglu receptor antagonists 

Metabotropic glutamate (mglu) receptors 
are members of the family III of 
G-protein-coupled receptors (GPCRs), 
which is characterized by a large 
N-terminal extracellular region and 
includes the Ca 2+ -sensing receptor, 
GABA 0 receptors and some vomeronasal 
receptors. Homology modelling to 
bacterial periplasmic binding proteins 3 , 
chimeric receptor analysis 5 * 0 , and X-ray 
crystallographyofasolubleextracellular 
region of the mglu., receptor in complex 
with glutamate d have shown that the 
extracellular region is responsible for 
ligand binding. The mglu receptor family 
therefore differs from the classical 
rhodopsin-type GPCRs, where the ligand- 
binding site occurs within the seven 
transmembrane (7TM) domain. 

The discovery of novel mglu receptor 
antagonists^ that are structurally 
unrelated to amino acids triggered the 
hypothesis that such compounds might 
act at novel receptor sites through 
allosteric mechanisms. Indeed, a detailed 
study by Pagano et a/. h showed that 
2-methyl-6-(phenylethynyl)-pyridine 
(MPEP) is a noncompetitive antagonist 
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Fig. I. Noncompetitive inhibition of glutamate 
(L-Glu)-stimulated inositol phosphate (IP) 
production with increasing concentrations of 
2-methyl-6-(phenylethynyl)-pyridine (MPEP) in 
human metabotropic glutamate type 5a 
(mglu^-receptor-expressing cells. Data are 
expressed as percentage of IP production over basal 
level and are mean ± sem of three experiments 
performed in triplicates. Reproduced, with 
permission, from Ref. h. 
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in vivo effects of mglu 5 receptor 
antagonists 

The available selective and 
brain-penetrable mglu 5 receptor 
antagonists (see above) have been 
applied in various nervous system 
disease models. 



Pain and analgesia 
Pharmacological and in vivo 
electrophysiological studies suggest a role 
for Group I mglu receptors in nociceptive 
processes 1 - 17 , and the possible role(s) of 
mglu 5 receptors are highlighted in Box 2 
(see also Table 2). 



Anxiety and depression 
Given the expression of mglu 5 receptors in 
limbic forebrain regions, a role in 
psychiatric conditions such as anxiety 
and depression was hypothesized and 
tested in validated animal models. In the 
so-called conditioned response tests 
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Fig. II. A monomeric form of the metabotropic 
glutamate type 5 (mglUj) receptor, depicting the 
binding site of noncompetitive antagonists in the 
seven-transmembrane (7TM) domain and of 
competitive agonists or antagonists in the large 
N-terminal extracellular domain. 

(Fig. I) that inhibits mglu 5 receptor 
function without affecting binding of 
glutamate to the extracellular region. 
MPEP also inhibited to a large extent 
constitutive receptor activity in cells 
overexpressing mglu 5 receptors, which 
suggests that MPEP acts as an inverse 
agonist. 

Consistent with these functional 
data, high-affinity binding of [ 3 H]M- 
MPEP (a tritiated analogue of MPEP) to 
chimeric receptors and point mutants 
of mglu 5 receptors specifically 
required the amino acid residues 
Pro655 and Ser658 in TMIII and Ala810 
in TMVII. Recently described non- 
amino-acid-like antagonists that are 
structurally unrelated to MPEP and are 
selective for mglu, receptors'^ or 
mglu, and mglu 5 receptors* share this 
mechanism and site of action in the 
7TM domain. 



Several important implications can 
be derived from these findings. 
(1) Novel regulators of family III 
GPCRs can act as competitive tigands 
at the extracellular agonist-binding 
site or as allosteric ligands in the 7TM 
domain (Fig. II). (2) The amino acid 
sequence of the allosteric binding site 
in the 7TM domain seems to be less 
conserved and to tolerate large 
structural variations, which will 
greatly facilitate the discovery of 
subtype-selective antagonists for 
other family III GPCRs. (3) It is not 
known how noncompetitive 
antagonists inhibit receptor activity 
but it can be assumed that activation 
of family III GPCRs requires a series of 
conformational changes in the 
extracellular ligand binding domain 
that are transmitted to the 7TM 
domain. Binding of noncompetitive 
antagonists in the 7TM domain can 
specifically affect conformational 
changes of the 7TM domain and 
thus have no direct effect on 
the occupation of the agonist 
binding site. 
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Box 2. Role of mglu 5 receptors in pain and analgesia 





Fig. I. (a) Immunohistochemical staining of a rat 
skin section with a rabbit polyclonal antibody 
recognizing the metabotropic glutamate type 5 
(mglUg) receptor. Green fluorescence represents 
neuronal tubulin, and red fluorescence represents 
mglu 5 receptor staining, respectively. Reproduced, 
with permission, from Ref. h. (b) Possible activation 
of mglu 5 receptors on C-fibres by glutamate 
released from afferents or other cells in the skin 
following, for example, injury or inflammation, 
(c) Activation of dorsal horn GABA-containing and 
non-GABA-containing (possibly excitatory) 
neurones by C and A5 afferents terminating in 
laminae II and III (Ref. c). mglu 5 receptors are 
represented by blue elements. Note that other 
glutamate receptors have been omitted for clarity. 

Metabotropic glutamate type 5 (mglUg) 
receptor protein and/or mRNA have been 
localized at several levels of the 
somatosensory neuraxis from the 
peripheral endings of nociceptive C-fibre 
afferents 3 (Fig. la), dorsal root ganglia b and 
superficial dorsal horn neurones 6 ^ to the 
thalamus and cerebral cortex'^. This 
suggests an intimate involvement of mglu 5 
receptors in nociceptive processes. Recent 
studies using 2-methyl-6-(phenylethynyl)- 
pyridine (MPEP) and SIB1757 show that 
blockade of peripheral mglu 5 receptors can 
reverse inflammation-induced mechanical 



hyperalgesia 3 * and neuropathy-induced 
thermal hyperalgesia'. By contrast, 
neuropathy-induced tactile a llodynia and 
mechanical hyperalgesia appear 
unaffected**'. This indicates that peripheral 
mglu 5 receptors are activated in certain 
hyperalgesic states, presumably by 
glutamate released from either primary 
afferents or other non-neural cells'- 1 (Fig. lb). 
Given the peripheral location of mglu 5 
receptors, it might be expected that these 
would also be found on central terminations 
of C-fibres, but this does not appear to be 
thecase c . The role of spinal mglu 5 receptors 
is less clear, and a complicating factor might 
be the localization of this receptor on a 
variety of pre- and postsynaptic elements of 
either GABA- or non-GABA-containing 
neurones in the superficial dorsal horn b c 
(Fig. Ic). Spinal application of mglu 5 receptor 
antagonists might therefore produce 
variable effects that might depend partly on 
the relative distribution of drugs and 
physiological factors such as which neural 
circuits are in play in a given behavioural 
state. Thus, there is data that suggest little 
involvement of spinal cord mglu receptors 
in either acute or chronic nociception, but 
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also evidence that spinal mglu 5 receptors 
might have a role in thermal hyperalgesia' 
or acute nociception" 1 . In the rat, there is less 
clear functional neuronal segregation 
between thermal and mechanical 
nociception supraspinally in the thalamus, 
but mglu 5 receptors are present in the 
thalamus^, and direct application into the 
thalamus of M PEP selectively reduces acute 
thermal nociceptive responses of 
ventrobasal thalamic neurones" (Fig. II). 
These receptors might be an important 
target of systemic drugs because 
intravenous MPEP reduces such responses, 
but it is likely that mglu 5 receptors in other 
brain areas (e.g. the cerebral cortex and 
spinal cord) also contribute to these effects 
in the intact animal 0 . Taken together, it is 
apparent that mglu 5 receptors provide a 
novel target for intervention in pain 
processes, and it is likely that mglu 5 
receptor antagonism might be particularly 
valuable in specific pain types 
(e.g. inflammatory pain) a h . However, it 
should be remembered that other 
glutamate receptors, particularly mgJu 1 
receptors, have also been implicated in 
peripheral and central pain processes" D a . 



prominent anxiolytic-like activity of 
MPEP was seen in both the Vogel test and 
the four-plate test 1819 . Acquisition as well 
as expression of fear was shown to be 
inhibited by MPEP in the fear- 
potentiated startle test 20 . Interestingly, 
acquisition but not expression of 
conditioned fear was also prevented by 
direct injection of MPEP into the lateral 
amygdala, directly linking mglu 5 
receptors in the amygdala to fear 
conditioning 21 . In the Geller-Seifter test 



the effects of MPEP were inconclusive 
because treatment with MPEP, up to a 
dose of 100 mg kg~ ] , tended to increase the 
number of punished responses as well as 
the number of received shocks, but 
neither effect reached statistical 
significance 22 . 

In the so-called unconditioned response 
tests MPEP exhibited anxiolytic-like 
activity in models of social anxiety (social 
exploration test), novelty-induced anxiety 
(marble burying test), anxiety in an 



approach-avoidance conflict (elevated plus 
maze) and finally in a model of 
anticipatory anxiety (stress-induced 
hyperthermia) 22 . Together, these and 
other findings, including testing of closely 
related derivatives of MPEP (W.PJ.M. 
Spooren, unpublished), indicate that 
mglu 5 receptor antagonists have a very 
broad and potent anxiolytic-like activity in 
rodent models of anxiety (Table 2), with 
low potential to induce sedation or 
psychotomimetic effects 22 , although the 
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Fig. II. Reduction by iontophoreticalty applied 
2-methy1-6-(phenylethynyl)-pyridine (MPEP) of 
responses of single thalamic neurones to 
iontophoretic application of the agonists 
(RS)-2-chloro-5-hydroxypheny (glycine (CHPG) and 
NMDA, and to noxious thermal stimulation (Ref. n). 
Values are mean ± sem [n = 6) percentages of the control 
responses recorded before MPEP application. Note that 
MPEP reduced CHPG and noxious responses but not 
NMDA responses. 
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However, intracerebroventricular 



explored much further. Finally, although 
MPEP was inactive in the swim test 
(Table 2), MPEP shortened the immobility 
time in the tail suspension test 18 . These 
data suggest that MPEP might also have 
antidepressant-like activity, which 
remains to be further investigated. 

Epilepsy 

The role of distinct mglu receptor subtypes 
in epilepsy is at present not clear. 



application of CHPG in mice was shown to 
induce clonic seizures that were 
suppressed by MPEP or SIB1893 (Ref. 23). 
Both compounds also suppressed sound- 
induced seizures in DBA- 2 mice and clonic 
seizures in the lethargic mouse 23 . 
Together, these data indicate that mglu 5 
receptor antagonists exhibit 
anticonvulsant activity, which clearly 
needs further characterization in 
additional studies. 



Neuroprotection 

It has been shown that noncompetitive 
mglu 6 receptor antagonists exhibit 
neuroprotection against excitotoxic- 
induced degeneration in vitro and in vivo, 
as well as against p-amyloid-induced 
toxicity in vitro 8 ' 24 ' 25 . However, the role of 
mglu 5 receptors in neuroprotection is 
controversial in view of the varying 
concentrations of MPEP applied in 
different models. Given the relatively good 
selectivity of MPEP (Ref. 7) effects 
observed at concentrations close to the 
ICgQ at mglu 5 receptors (e.g. partial 
inhibition of p-amyloid-induced toxicity 
and excitotoxicity induced by a short pulse 
of NMDA) 24 are indeed likely to reflect 
specific action at mglu 5 receptors whereas 
neuroprotection achieved at very high 
concentrations of MPEP (20 \m and 
200 um, 1000-10 000-fold above its IC^, 
respectively) might instead reflect a 
combined action of MPEP at mglu 5 and 
additional receptors, such as NMDA 
receptors 8 ' 25 . 

Parkinsons disease 

The expression of mglu 5 receptors in the 
striatum and subthalamic nucleus 
suggests that antagonists might reduce 
the overactive glutamate-mediated 
pathways in the basal ganglia in 
Parkinson's disease. mglu 5 receptors 
have been implicated as major players in 
the excitatory drive to the subthalamic 
nucleus from glutamatergic afferents 10 . 
Indeed, in the unilateral 6-hydroxy- 
dopamine (6-OHDA) rat rotation model 
of Parkinson's disease, (acute) MPEP 
increased the number of net rotations 
(Table 2). However, the effect was 
marginal and consisted of an ipsilateral 
bias in spontaneous turning rather than 
a clear turning response 26 . In additional 
studies it was shown that MPEP 
inhibited dopamine-mediated rotations. 
The underlying mechanism of these 
findings is at present unclear. However, 
the interaction of MPEP with dopamine 
clearly awaits further elucidation in 
additional studies using distinct models 
of Parkinson's disease as well as 
applying a much wider dose range of 
MPEP. 

Interestingly, in a conditioned 
reaction-time task in the rat, chronic but 
not acute treatment with MPEP 
significantly and gradually reduced the 
motor deficits induced by bilateral 
lesions of the nigrostriatal pathway 
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Table 2. Effects of the mglu 5 receptor anatagonist MPEP in animal models of distinct 
nervous system disorders a b 



Indication and 


Species 


Tested dose 


Effective dose 


Route of 


Refs 


model 




range (mg kg _t ) c 


range (mg kg- 1 ) 


administration 




Pain 












Tail flick 


Rat 


10-100 




p.o. 


27 


FCA-induced 


Rat 


10-100 


30-100 


p.o. 


27,28 


mechanical hyperalgesia 




0.03-0.3 umole 


0.03-0.3 umole 


i.pl. 




Carageenin-induced 


Rat 


3-100 


30-100 


p.o. 


27 


mechanical hyperalgesia 












Neuropathic hyperalgesia 


Rat 


10-100 




p.o. 


27.28 


Anxiety 












EPM 


Rat 


0.1-30 


0.1-10 and 10-30 p.o. 


18,19.22 


Social exploration 


Rat 


0.003-10 


0.3-1 


p.o. 


22 


SIH 


Mouse 


1.5-30 


15-30 


p.o. 


22 


Marble burying 


Mouse 


1.5-30 


7.5-30 


p.o. 


22 


Vogel conflict 


Rat 


0.3-10 


1-10 


i.p. 


18,19 


Geller-Seifter 


Rat 


10-100 




p.o. 


22 


Prtl ir nlato tact 

rour-pidic Itfbl 


K^fM ICO 


J-jU 


30 


i.p. 


1ft 1Q 
ID, la 


real puitri UlcHtrU olal lie. 


Rat 










ami licitirin 
aULJUIblUUM 




n i_^n 


3-30 


p.o. 




expression 




0.3-30 


30 


p.o. 




Depression 












Swim test 


Rat 


0.1-30 




i.p. 


18 


Tail suspension 


Mouse 


0.1-20 


1-20 


i.p. 


18 


Parkinson's disease 












6-OHDA model 


Rat 


7.5-30 


30 


p.o. 


26 


Side-effects 












PPI 


Rat 


1-10 




p.o. 


22 


Rota rod 


Rat 


7.5 -300 




p.o. 


26 


Spontaneous locomotor 


Mouse 








22 


activity: 












horizontal activity 




0.01-100 




p.o. 




vertical activity 




0.01-100 


100 (i) 


p.o. 




Abbreviations: EPM, elevated plus-maze; FCA, Freund's complete adjuvant; i.p., intra -peritoneal; 




i.pl., intra-plantar; mglu, metabotropic glutamate; MPER 2-methyl-6-(phenylethynyl)-pyridine; 6-OHDA, 




6-hydroxydopamine; p.o„ oral; PPI, prepulse inhibition; SIH, stress- induced hyperthermia. 




b Symbols: no effect; i decrease. 










c Dose is given as mg kg- 1 except for FCA-induced mechanical hyperalgesia. 







(M. Amalric et a/., unpublished). 
Comparable results were obtained with 
chronic L-3,4-dihydroxyphenylalanine 
(l-DOPA) treatment. Subsequent studies 
in the unilateral 6-OHDA rat rotation 
model confirmed sensitization to MPEP 
following a sub-chronic (7 days) 
application resulting in a (limited) 
rotational response rather than an 
ipsilateral bias in spontaneous turning 
(W.P.J .M. Spooren et al. t unpublished). 
Furthermore, MPEP was found to 
counteract haloperidol-induced muscle 
rigidity and akinesia (A. Pile et aL, 
unpublished). Accordingly, it appears that 
mglu 5 receptor antagonists have minor 
motor stimulating properties in models of 
Parkinson's disease but might improve 
rigidity and bradykinesia and thus 
provide an interesting new approach for 
the symptomatic treatment of 
Parkinson's disease. 



Concluding remarks 

The identification of the first subtype- 
selective mglu 5 receptor antagonists has 
fostered important progress in the 
understanding of the role of mglu 5 
receptors in neurological and behavioural 
disorders. On the basis of published 
studies, a clear indication for the potential 
therapeutic use of mglu 5 receptor 
antagonists seems to be in chronic pain 
that arises from inflammatory conditions. 
Furthermore, additional potential 
indications are anxiety, epilepsy and 
chronic neurodegenerative diseases such 
as Parkinson's disease. Other potential 
applications such as asthma and bowel 
disorders, which involve peripherally 
expressed mglu 5 receptors, are only 
beginning to emerge and await further 
exploration. The next few years will 
witness major advances in the development 
of noncompetitive antagonists for mglu 5 



receptors as well as other mglu receptors, 
and will bring further understanding in the 
role of these receptors in 
(patho)physiological processes. 
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i Meeting Report 

Histamine receptors are finally "coming out 7 

Rob Leurs, Takehiko Watanabe and Henk Timmerman 



The International Sendai Histamine 
Symposium Histamine Research in the New 
Millennium was held in Sendai, Japan on 
22-25 November 2000. 

The Histamine Research in the New 
Millennium Symposium, which covered 
various aspects of the histamine-mediated 
system, was one of the most exciting 
meetings in this field in past years, and 
was enjoyed by 300 attendants from 
25 countries. Important information on 
histamine Hj and H 2 receptors was 
reported, but the main reason for this 
enthusiasm was the wealth of new 
information on several new histamine 
receptors (Table 1). 

Cloning and characterization of the 
H 3 receptor 

Following the cloning of the human 
histamine H 3 receptor by Lovenberg et al. 



in 1999 (Ref. 1), the field of histamine 
receptors has gained considerable 
interest. At the meeting Tim Lovenberg 
(R.W. Johnson Pharmaceutical Research 
Institute, San Diego, CA, USA) briefly 
reviewed the cloning of the human and rat 
H 3 receptor cDNAs as part of their on- 
going effort to identify orphan G-protein- 
coupled receptors. The two receptors 
exhibit a 97% homology in the 
transmembrane (TM) domains 12 , but 
surprisingly they display a significant 
difference in affinity for some H 3 receptor 
ligands (e.g. thioperamide shows a tenfold 
preference for the rat receptor). Cloning of 
the mouse H g receptor allowed Lovenberg 
and co-workers to generate H 3 receptor 
knockout mice. These animals are viable 
and fertile, but less 'active' at all times. 
The mice are currently undergoing further 
testing and will provide interesting new 
model systems to learn more about the 



(pathophysiological role of the 
H 3 receptor. 

Investigations by the groups of Rob 
Leurs (Leiden/Amsterdam Center for 
Drug Research, Amsterdam, The 
Netherlands) and Jean-Charles Schwartz 
(INSERM, Paris, France) revealed that 
Thrll9 andAlal22 are fully responsible 
for the observed relative low affinity of 
thioperamide, iodophenpropit and 
ciproxyfan at the human H 3 receptor. The 
same two groups also reported on the high 
level of constitutive activity of the human 
and rat H 3 receptor, resulting in a 
reclassification of a variety of H 3 receptor 
antagonists. Burimamide, originally 
found to be an H 3 receptor antagonist 3 , 
surprisingly acts as an agonist at the 
recombinant H 3 receptor, whereas 
compounds such as thioperamide, 
clobenpropit and ciproxyfan behave as 
inverse agonists. The constitutive activity 
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GROUP I METABOTROPIC GLUTAMATE RECEPTORS: 
IMPLICATIONS FOR BRAIN DISEASES 
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Abstract — Glutamate is the major excitatory neurotransmitter in the brain and plays a unique role in a 
variety of central nervous system (CNS) functions. The discovery of the metabotropic receptors 
(mGluRs), a family of G-protein coupled receptors than can be activated by glutamate, has led to an 
impressive number of studies in recent years aimed at understanding their biochemical, physiological 
and pharmacological characteristics. 

The eight mGluRs now known are divided into three groups according to their sequence homology, 
signal transduction mechanisms, and agonist selectivity. Group I mGluRs include mGluRi and 
mGluR 5 , which are linked to the activation of phospholipase C; Groups II and III include all others and 
are negatively coupled to adenylyl cyclases. 

The availability in recent years of agents selective for Group I mGluRs has made possible the study of 
the physiological roles of these receptors in the CNS. In addition to mediating glutamatergic neurotrans- 
mission, Group I mGluRs can modulate other neurotransmitter receptors, including GABA and the 
ionotropic glutamate receptors. 

Group I mGluRs are involved in many CNS functions and may participate in a variety of disorders 
such as pain, epilepsy, ischemia, and chronic neurodegenerative diseases. This class of receptor may pro- 
vide important pharmacological therapeutic targets and elucidating its functions will be relevant to 
develop new treatments for neurological and psychiatric disorders in which glutamatergic neurotrans- 
mission is abnormally regulated. 

In this review anatomical, physiological and pharmacological results are presented with a special 
emphasis on the role of Group I mGluRs in functional and pathological processes. © 1999 Elsevier 
Science Ltd. All rights reserved 
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ABBREVIATIONS 



4CPG 


(S)-4-CarboxypheniIglycine 


EPSP 


Excitatory postsynaptic potential 


4C3HPG 


(5)-4-Carboxy-3-hydroxyphenyIgIycine 


iGluR 


Ionotropic glutamate receptor 


AC 


Adenylyl cyclase 


IP 3 


Inositol triphosphate 


ACPD 


1 5,3/?- 1 -Amino- 1 ,3-cyclopentanedicarboxylate 


LTD 


Long-term depression 


AIDA 


(RS)- 1 -Aminoindan- 1 ,5-dicarboxylic acid 


LTP 


Long-term potentiation 


AMPA 


(S)-a-Amino-3-hydroxy-5-methyl-4-isoxazole 


mGIuR 


Metabotropic glutamate receptor 




propionic acid 


MCPG 


a-Methyl-4-carboxyphenilglycine 


CHPG 


(#5)-2-ChIoro-5-hydroxyphenylgIycine 


NMDA 


JV-Methyl-D-aspartate 


DAG 


Diacylglycerol 


PKC 


Protein kinase C 


DHPG 


3,5-Dihydroxyphenylglycine 


PLC 


Phospholipase C 


EPSC 


Excitatory postsynaptic current 







1. INTRODUCTION 

Glutamate is the major excitatory neurotransmitter 
in the mammalian central nervous system (CNS) 
and plays an important role in a number of CNS 
functions (Monaghan et al., 1989; Hollmann and 
Heinemann, 1994). The receptors that mediate its 
action have been divided into two broad categories, 
termed ionotropic receptors, which contain gluta- 
mate-gated cation channels, and metabotropic 
receptors, which are coupled to GTP-binding pro- 
teins (G proteins) and linked to the activation of 
phospholipase C (PLC) or the inhibition or acti- 
vation of adenylyl cyclases (AC). 

The metabotropic receptors (mGluRs) were dis- 
covered only in the 1980s when it was shown that 
glutamate and other excitatory amino acids like 
quisqualate and ibotenate could stimulate phosphoi- 
nositide (PI) turnover (Sladeczek et al., 1985; 
Nicoletti et al., 1986; Sugiyama et al., 1987) or lead 
to mobilization of intracellular Ca 2+ in different cell 
types of the CNS (Mayer and Miller, 1990; Irving et 
al., 1990). Soon after, the first cDNA clone of a 
mGIuR subtype was isolated by functional ex- 
pression cloning (Masu et al., 1991; Houamed et al., 
1991). This subtype is now known as mGluRi. In 
the following years the cloning effort rapidly led to 
the discovery of seven more different subtypes, 
termed mGluR 2 to mGluR 8 [Tanabe et al. (1992); 
Abe et al. (1992); Nakanishi and Masu (1994) for a 
review]. Based on sequence homology, signal trans- 
duction mechanisms and agonist selectivity, the 
eight mGluRs can be divided into three groups 
(Nakanishi, 1994; Pin and Duvoisin, 1995). Group I 
includes mGluRj (with its splice variants a, b, c and 
d) and mGluR 5 (a and b), which are positively 
coupled to PLC and lead to an increase in diacylgly- 
cerol (DAG) and inositol triphosphate (IP3), and in 
some cases to an activation of AC (Aramori and 
Nakanishi, 1992); Groups II and III include all 
others and lead to a decrease in forskolin-stimulated 
AC [Conn and Pin (1997) for review]. 

Over the recent years the Group I mGluRs have 
been extensively studied in experimental animals, 
leading to an appreciation of their great importance 
in the CNS. Both mGluRi and mGluR 5 are present 
in a number of key CNS structures including the 
hippocampus, cortex, thalamus and cerebellum and 
the involvement of these receptors in a variety of 
disorders including epilepsy, ischemia, pain and neu- 
rodegenerative diseases is beginning to emerge. 



Drugs that act through the mGluRs may have the 
capability to modulate glutamatergic synapses in a 
selective manner without the potential side-effects 
that had limited the clinical usefulness of the iono- 
tropic glutamate agents (Olney, 1994). This new 
class of receptors could provide unique opportu- 
nities for designing more selective therapies. 

rroAu-amino-cyclopentane-dicarboxylate (trans- 
ACPD) was the first compound shown to activate 
mGluRs selectively (Palmer et al., 1989) but lack of 
mGIuR subtype-specific drugs made it difficult to 
draw conclusions about the physiological roles of 
the various metabotropic receptor groups. Thanks 
to the synthesis of new selective agonists and antag- 
onists in recent years it is becoming possible to dis- 
tinguish among the mGIuR groups and much 
improvement has been made in the understanding of 
the biochemical, physiological and pharmacological 
properties of the Group I mGluRs (Watkins and 
Collingridge, 1994; Roberts, 1995; Conn and Pin, 
1997). In this review we will examine this new and 
still somewhat controversial topic, emphasising the 
role of Group I mGluRs in functional and patho- 
logical processes. 



2. PHARMACOLOGY OF THE GROUP I 
mGLURs 

Group I mGluRs stimulate PLC and PI hydroly- 
sis [see Conn and Pin (1997) for a review], and in 
some cases these receptors can couple to AC 
(Aramori and Nakanishi, 1992). 

Cloned mGluRs expressed in heterologous mam- 
malian systems have been used to characterize the 
activity of selective compounds on mGIuR subtypes. 
Using predominately mGluR la or mGluR 5a splice 
variants, the pharmacological profile of Group I 
mGluRs has been determined (Conn and Pin, 1997). 
In every cell line tested, quisqualate is the most 
potent agonist of these receptors followed by ibote- 
nate and glutamate, the presumed endogenous 
transmitter (Aramori and Nakanishi, 1992; 
Nakanishi et al., 1994; Joly et al., 1995). The rank 
of potency of the agonists for Group I mGluRs was 
found to be: quisqualate > 3,5-dihydroxyphenylgly- 
cine (DHPG) = glutamate > 1 5,3/?- 1 -ami no- 1,3- 
cyclopentanedicarboxylate (ACPD) = ibotenate > 
(25, 1 '5,2'5)-2-(carboxycyclopropyl)glycine (l-CCG- 
I) > 3-hydroxyphenylglycine (3-HPG) > /ra/w-azeti- 
dine-2,4-dicarboxylate (/-ADA) (Pin and Duvoisin, 
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1995; Conn and Pin, 1997). The Group I mGluR 
specific agonists are DHPG, 3-HPG and f-ADA, 
which are devoid of activity in other mGluR groups 
(I to et ai, 1992; Schoepp et ai, 1994; Brabet et ai, 
1995; Hayashi et ai, 1994). A new phenylglycine de- 
rivative, (/?5)-2-chloro-5-hydroxyphenylglycine 
(CHPG), has been recently reported to activate only 
mGluRs, but not mGluRi in transfected cells. This 
is the first compound available to distinguish phar- 
macologically the two members of the Group I 
class, although it is not very potent (Doherty et ai, 
1997). 

The discovery in 1993 of phenylglycine com- 
pounds as antagonists of mGluRs made possible to 
test the selectivity of the various mGluRs in both 
heterologous and neuronal systems. The first antag- 
onist described for Group I mGluRs was a-methyl- 
4-carboxyphenilglycine (MCPG) (Birse et ai, 1993; 
Eaton et ai, 1993a; Watkins and Collingridge, 
1994). MCPG, however, is also an antagonist of 
Group II mGluRs (Hayashi et al., 1994). Substances 
related to phenylglycine have been synthesized since 
then, with (S)-4-carboxyphenilgIycine (4CPG) and 
(5)-4-carboxy-3-hydroxyphenylglycine (4C3HPG) 
found to be the most potent Group I mGluRs an- 
tagonists, although they also have agonist effects on 
Group II receptors (Hayashi et al., 1994; Thomsen 
et ai, 1994). Some of these compounds were found 
to be selective for mGluRi over mGluR 5 , like 
LY367385 (Clark et al., 1997). Even MCPG and 
4CPG show a much better sensitivity for mGluRi 
than mGluR 5 in transfected cells (Joly et ai, 1995). 
Very recently, other compounds with an improved 
potency for the Group I mGluRs have been synthe- 
tized. These include (/?.$»)- 1-aminoindan-l, 5-dicar- 
boxylic acid (AIDA) (Pellicciari et ai, 1995; Moroni 
et ai, 1997), (5>( + )-2-3'-carboxybicyclo[ 1.1.1 ]pen- 
tyglycine (CBPG) (Pellicciari et ai, 1996), and ethyl 
7-(hydroxyimino)cyclopropan[b]chromen- 1 a-carbox- 
ylate (EtCCC) (Annoura et ai, 1996). 



Most of the results obtained in clonal cell lines 
have been confirmed in native neuronal systems, 
such as brain slices or cultured cells, where the 
stimulation of PI hydrolysis is measured, or in 
spinal cord, where the depolarization induced in 
motoneurons by specific agonists can be inhibited 
by selective antagonists. Table 1 shows the potency 
of the agonists and antagonists that act at the 
Group I mGluRs measured in transfected cell lines 
or in native systems. 

Since mGIuRj is highly expressed while mGluR 5 
is almost absent in the cerebellum [Masu et ai 
(1991); Shigemoto et ai (1993) see below], this struc- 
ture is particularly suitable for distinguishing 
between the two Group I mGluRs (Toms et ai, 
1995; Chavis et ai, 1995; Batchelor et ai, 1997). 
Cultured granule cells from rat cerebellum appear to 
be an excellent system for investigating selective 
compounds in a native environment. Using this sys- 
tem to assay mGluR ( responses coupled to PI hy- 
drolysis, Toms et ai (1995) obtained similar 
pharmacological results to those reported for cloned 
mGluRj. The pharmacological characteristics of 
mGluR! can also be studies in the intact cerebellar 
slice, where mGluR-mediated excitatory postsyn- 
aptic potentials (EPSP) are recorded from Purkinje 
cells (Batchelor et ai, 1994, 1997). 

Another useful preparation for characterizing 
Group I mGluRs is the neonatal rat spinal cord. 
Postsynaptic depolarization of motoneurons induced 
by specific agonists can be recorded electrophysio- 
Iogically from the ventral roots (Watkins and 
Collingridge, 1994). This depolarization is insensi- 
tive to ionotropic glutamate receptor (iGluR) antag- 
onists, but it is inhibited in a dose-dependent 
fashion by specific Group I mGluR antagonists 
(Birse et ai, 1993; Jane et ai, 1993; Ugolini et ai, 
1997). 



Table 1. 





Cloned cells 




Neuronal systems 










Hippocampal or 


Cerebellar 


Neonatal 




mGluRi 


mGluR5 


cortical cells 


granule cells 


spinal cord 


Agonist ( EC$o values in thm) 






50** 




Glutamate 


9-13 


3-10 






Quisqualate 


0.2-3 


0.03-0.3 




2** 


58.1® 


(15,3/?)-ACPD 


10-80 


5-7 


47.211 


102** 


DHPG 






27.6H 






3-HPG 


68-100 


14-35 


98** 






/-ADA 


190 


30 








CHPG 


Not active* 


750* 








Antagonist (IC 5() or K D 


values in msi) 




130" 


243** 


341™; 243® 


MCPG 


40-200 


>200 


4CPG 


15-65 


>500 


35" 


51** 


208™ 


4C3HPG 


10-40 


? 


345** 


41** 




AIDA 


214f 


> 1000t 


40 ft 






EtCCC 










LY367385 


8.8 § 


>100 § 









Values are taken from the following references: * Doherty et al. (1997); tMoroni et al. (1997); $ Annoura et al. (1996); 'Clark et at. (1997); 
•ISchoepp et al. (1994); **Birse et at. (1993); n Balchelor et al. (1997); "Toms et at. (1995); "Boxall et al. (1996); "Jones et at. (1993). All 
other values are taken from Conn and Pin (1997). 
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3. DISTRIBUTION OF GROUP I mGLURs IN 
THE MAMMALIAN BRAIN 

With the isolation of the first cDNA for a 
mGluR, the mGluR b it became possible to study 
the expression of these receptors in the CNS (Masu 
et aL, 1991). Distribution of the mRNA for mGluR, 
by in situ hybridization revealed an abundant ex- 
pression of this receptor in hippocampal neurons 
and cerebellar Purkinje cells (Shigemoto et aL, 1992; 
Fotuhi et al., 1993). In the cerebellum, mGluR[ is 
distributed in cell bodies and dendrites of Purkinje, 
stellate and some Golgi cells, as described by immu- 
noreactivity for mGluRj u (Martin et al., 1992; 
Baude et al., 1993; Hampson et al., 1994). No 
mGluR 5 , on the other hand, is found in the cerebel- 
lum (Shigemoto et al., 1993), except for a small sig- 
nal in the granule cell layer but not in the Purkinje 
cells (Romano et al., 1995). The strong presence of 
mGluRj in the cerebellum correlates well with the 
severe motor coordination syndrome characterized 
by ataxia and tremor and with the neurophysiologi- 
cal abnormalities obtained with the mGluR, -de- 
ficient mice (Conquet et al., 1994; Aiba et al., 
1994b). 

Other areas of expression of mGluRj are the 
olfactory bulb, the amygdala, the thalamus, and the 
basal ganglia (Martin et al. t 1992; Baude et al., 
1993; Hampson et al., 1994). The presence of this 
receptor in these areas has inspired study of the po- 
tential role of Group I mGluRs in extrapyramidal 
motor diseases like Hungtington Chorea or 
Parkinson's Disease (see later). 

In the hippocampus, both CA1 and CA3 fields 
are heavily labeled by antibodies to mGluRi a , but 
this immunoreactivity is present in 'non-principal' 
neurons and is concentrated in the postsynaptic 
membrane at the periphery of synaptic junctions 
(Baude et aL, 1993). Unlike antibodies to glutamate 
ionotropic receptors that label sites within the 
synaptic junctions (Nusser et al., 1994, 1995), the 
antibodies to mGluRi a label sites that are at the 
edge of the synapse (Baude et al., 1993). Because of 
the special segregation of ionotropic receptors and 
mGluRs, it has been suggested that they may 
respond differently to glutamate stimulation; the 
ionotropic receptors respond to glutamate under 
normal presynaptic stimulation, whereas the perisy- 
naptic mGluRi is involved in excitatory responses 
evoked only by strong presynaptic stimulation. This 
anatomical distribution suggests a role for the 
mGluRs in synaptic function that is different from 
that of the ionotropic receptors which, mediating 
fast signals at glutamergic synapses, are close to 
release sites. The postsynaptic metabotropic recep- 
tors situated at the periphery would appear to have 
a role of delayed activation (Baude et al., 1993). 
Although these observations have been made using 
the mGluRi a splice variant, the regional pattern of 
the immunoreactivity for this splice variant suggests 
that its distribution correlates with the mRNA cod- 
ing for all mGluR, (Shigemoto et al., 1992). 
Interestingly, recent studies have confirmed this peri- 
synaptic location in the hippocampus also for 
mGluR 5 and it may be a general feature of all G- 
protein receptors (Lujan et al., 1996). 



The hippocampus of the rat (Shigemoto et aL, 
1993; Romano et al., 1995) and the human 
(Bliimcke et aL, 1996) contain many neurons that 
express mGluR 5 . In the CA1 region of the rat, 
mGluR 5 is present in both pre- and postsynaptic 
membranes (Romano et al., 1995). However, while 
most CA3 pyramidal and granule cells express both 
mGluRs and mGluRj, CA1 pyramidal cells express 
only mGluR 5 (Lujan et al., 1996). This finding fits 
nicely with the neurophysiological results demon- 
strating that LTP can be induced in CA1 region in 
mice lacking mGluRj (Conquet et aL, 1994), but not 
in mice lacking mGluR 5 [Lu et al. (1997); see later]. 

Group I mGluRs are also abundant in the spinal 
cord (Vidnyanszky et al., 1994; Valerio et aL, 
1997a,b). mGluR 5a antibody staining is heavy in 
laminae I — 1 1 of the dorsal horn of the rat at the 
level of dendrites and perikaria and is found around 
the postsynaptic membrane in a peri- or extrasynap- 
tic location similar to that seen in the hippocampus 
(Vidnyanszky et al., 1994). This distribution of 
mGluR 5 is also seen in the human spinal cord 
(Valerio et aL, 1997a). Rat spinal cord expresses 
high levels of mRNA encoding mGluRi a as well 
(Valerio et aL, 1997b). The presence of both 
mGluRi and mGluRs in the dorsal laminae of the 
spinal cord strongly suggests an important role for 
these receptors in the control of nociceptive trans- 
mission [Corsi et al. (1997) see later]. 



4. NEUROPHYSIOLOGICAL ROLE OF GROUP 
I mGLURs 

Metabotropic glutamate receptor agonists have a 
wide variety of actions in the CNS that can be 
mediated by voltage- and ligand-gated ion channels. 
Substances that activate Group I mGluRs cause 
neuronal depolarization and excitation while antag- 
onists of these receptors inhibit depolarization and 
excitation. In addition, activation of these receptors 
can modulate synaptic transmission by regulating 
GABA release or by interfering with iGluRs. Recent 
evidence has also shown the importance of Group I 
mGluRs in modulating other brain neurotransmitter 
systems. 

4.1. Neuronal Excitability 

Application of the broad spectrum mGluR ago- 
nist ACPD produces an array of physiological 
effects, both inhibitory and excitatory (Schoepp et 
al., 1990; Conn and Pin, 1997). Group I mGluRs, 
however, seem to involve primarily postsynaptic ex- 
citatory effects. In the CA1 area of the hippo- 
campus, activation of mGluRs with ACPD leads to 
depolarization, increase of input resistance, and re- 
duction in spike frequency adaptation (Charpak et 
al., 1990; Desai and Conn, 1991; Desai et aL, 1992). 
These effects have been attributed to activation of 
Group I mGluRs because they are also produced by 
the specific agonist DHPG (Gereau and Conn, 
1995a) and are blocked by the antagonists MCPG 
and 4CPG (Davies et aL, 1995). In neocortical neur- 
ons, the reduction in spike frequency adaptation 
caused by ACPD or quisqualate and blocked by 
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MCPG is not prevented by protein kinase C (PKC) 
or protein kinase A (Burke and Hablitz, 1996). 

The increase in neuronal excitability caused by ac- 
tivation of Group I mGluRs is produced primarily 
by modulation of potassium channels [for review, 
Gerber and Gahwiler (1994); Glaum and Miller 
(1994)]. ACPD induces net inward currents by inhi- 
biting K + conductances in neurons in hippocampus 
(Charpak et al, 1990; Crepel et al, 1994; Gereau 
and Conn, 1995a), amygdala (Womble and Moises, 
1994), nucleus of the tractus solitarius (Glaum and 
Miller, 1992), and hypothalamus (Schrader and 
Tasker, 1997). This effect is blocked by Group I 
mGluR selective antagonists (Guerineau et al, 1995; 
Gereau and Conn, 1995a; Schrader and Tasker, 
1997). In the CA3 region of the hippocampus the re- 
duction of K + conductance in response to mGluR 
activation is not mediated by PKC or protein kinase 
A and it exhibits a pronounced voltage sensitivity 
which could be important in physiological processes 
such as long-lasting changes in cellular excitability 
or persistent modification of synaptic efficacy 
(Gerber and Gahwiler, 1994; Luthi et al., 1997). 

Interestingly, a decrease in K + conductance has 
been hypothesized to account for the control of cor- 
ticothalamic activation mediated by mGluRs. This 
effect is thought to be important in facilitating sen- 
sory transmission to activate arousal and cognitive 
processes (McCormick and von Krosigk, 1992). 

Activation of mGluRs can also produce inward 
currents separate from inhibition of potassium chan- 
nels (Glaum and Miller, 1992; Mercuri et al, 1993; 
Crepel et al., 1994; Guerineau et al., 1995). These 
inward currents vary in different types of cells and 
sometimes involves a Ca 2+ -activated non-specific 
cation (CAN) current (Crepel et al., 1994; 
Guerineau et al., 1995; Congar et al., 1997), or an 
activation of a Na + /Ca + exchanger (Mercuri et al., 
1993; McBain et al., 1994; Keele et al., 1997). In the 
hippocampus the CAN current is mediated by 
Group I mGluRs because the selective agonist 
DHPG produces a current identical to that evoked 
by ACPD and this effect involves a Ca 2 + -dependent 
and G-protein-dependent process (Congar et al., 
1997). In neurons of the basolateral amygdala, the 
metabotropic-activated Na + /Ca 2+ exchanger is eli- 
cited by DHPG, which may play a role in epilepsy, 
increasing transmission following kindling (Keele et 
al, 1997). 

Activation of Group I mGluRs can also modulate 
currents through N-type, L-type and other voltage- 
dependent calcium channels [Sayer et al. (1992); 
Sahara and Westbrook (1993); Swartz and Bean 
(1992); Swartz et al. (1993); for review see Stefani et 
al. (1996)]. Quisqualate inhibits N-type Ca 2+ chan- 
nels in hippocampus and cortex, where it is 
mediated by G-protein and does not involve protein 
kinases (Lester and Jahr, 1990; Sayer et al., 1992; 
Swartz and Bean, 1992), but it facilitates L-type 
channel function in the granule cells of the cerebel- 
lum via a G-protein mechanism not sensitive to per- 
tussin toxin (PTX) (Chavis et al., 1995). In 
cerebellar granule cells, activation of mGluR t trig- 
gers a functional coupling between ryandine recep- 
tors and L-type Ca 2 + channels that leads to 
facilitation of the L-type Ca 2+ channel and could be 



important in regulating a phenomenon of synaptic 
plasticity like long-term depression (LTD) (Chavis 
et al., 1996). In fronto-parietal cortical neurons, in- 
hibition of N-type Ca 2 + channels produced by 
specific Groups I and II mGluRs agonists is reduced 
by MCPG, suggesting that both these mGluR 
groups participate in modulating Ca 2+ channels in 
cortical neurons (Choi and Lovinger, 1996). 
However, a differential sensitivity to PTX can dis- 
tinguish the two groups of mGluR. Inhibition of 
Ca channels by Group II mGluRs seems to 
involve a PTX-sensitive G-protein whereas Group I 
mGluRs use both a PTX-sensitive and PTX-insensi- 
tive G-protein. These results suggest that mGluRs 
inhibiting Ca 2+ channels in cortical neurons might 
be separated on the basis of the G protein involved 
(Choi and Lovinger, 1996). Moreover, Group I in 
contrast to Group II mGluRs can use several dis- 
tinct signal transduction pathways to inhibit Ca 2 + 
channels, both Ca 2+ intracellular-independent and - 
dependent mechanisms (McCool et al., 1998). 

In the mGluR|-rich cerebellum, ACPD increases 
excitation and firing rate of Purkinje cells both in 
vivo or in slices. MCPG and 4CPG both block the 
agonist-induced excitatory responses (Lingenhohl et 
al., 1993; Batchelor et al., 1994). Two Group I 
mGluR antagonists, 4C3HPG and 4CPG, selectively 
depress ACPD-induced excitation of thalamic neur- 
ons in the anesthetized rat (Eaton et al., 1993a; Salt 
and Eaton, 1995). ACPD also causes depolarization 
of neonatal rat motoneurons which is blocked by 
MCPG, 4C3HPG or 4CPG (Birse et al., 1993), but 
not by 2S,rS,2'S-2-methyl-2-(carboxycyclopropyl)- 
glycine (MCCG) or 5-2-amino-2-methyl-4-phospho- 
nobutanoate (MAP4), respectively, Groups II and 
III antagonists (Jane et al., 1994). 

Recent studies have shown that selective acti- 
vation of Group I mGluRs with DHPG increases 
postsynaptic membrane excitability in hippocampus 
(Da vies et al., 1995), cortex (Mannaioni et al, 1996; 
Libri et al., 1997), striatum (Pisani et al., 1997), 
amygdala (Keele et al., 1997), subthalamic nucleus 
(Abbott et al., 1997), hypothalamic supraoptic 
nucleus (Schrader and Tasker, 1997) and in moto- 
neurons of the spinal cord (Ugolini et al., 1997). 

Although the profiles of agonist and antagonist 
pharmacology indicate that Group I mGluRs med- 
iate postsynaptic depolarizations in a number of 
brain areas, the lack of subgroup-specific agents has 
prevented a determination of the actual subtype 
involved. Some indication of the roles of the two 
Group I subtypes comes from experiments where 
mice lacking specific mGluRs were generated. In 
CA1 neurons of mGluRj-deficient mice, ACPD pro- 
duced excitatory effects similar to normal (Aiba et 
al., 1994a; Conquet et al., 1994), whereas mGluR 5 - 
deficient mice lacked the normal neuronal depolariz- 
ation in response to ACPD (Lu et al., 1997). 
Administration of mGluR 5 antisense deoxynucleo- 
tides injected into the hippocampal CA1 gave simi- 
lar results (Dorri et al., 1997). These results suggest 
that mGluR 5 mediates excitatory effects in pyrami- 
dal CA1 neurons where mGluRj is not expressed 
(Lujan et al., 1996), but they do not preclude a role 
for mGluRi in other regions. To test whether 
mGluRj would compensate for the absence of 
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mGluR 5 one should examine depolarization re- 
sponses induced by mGluR agonists either in the 
mGluR 5 -deficient mice or in animals injected with 
mGluR 5 antisense in brain areas where both recep- 
tors are present (e.g. dentate gyrus, hippocampus 
CA3). 

Recent studies using cells expressing mGluRj or 
mGluR 5 only have found separate functions for the 
two Group I mGluR subtypes. While either receptor 
triggers the release of Ca 2+ from intracellular stores 
through the IP 3 pathway, glutamate stimulation 
produces a single peak of intracellular Ca 2 + mobil- 
ization in the cells transfected with mGluR], but 
Ca 2 + oscillations in the mGluR 5 transfected cells. 
These oscillations are also seen in astrocytes expres- 
sing mGluR 5 and are PKC-dependent because they 
are blocked by the selective inhibitor H-7 
(Kawabata et al, 1996; Nakahara et al, 1997; 
Nakanishi et al, 1998). Interestingly, Ca 2 + oscil- 
lations are found in CA1 hippocampal interneurons 
in response to glutamate stimulation and they are 
prevented completely by MCPG but only partially 
by co-administration of the iGluR antagonists AP5 
and 6-cyano-7-nitro-quinoxaline-2,3-dione (CNQX) 
(Carmant et al, 1997). 



4.2. Modulation of Synaptic Transmission 

4.2.1. Presynaptic Inhibition 

Synaptic transmission is influenced by mGIuRs 
via modulation of postsynaptic receptors, as 
described above, but also by modulation of trans- 
mitter release from presynaptic terminals. 
Activation of presynaptic mGIuRs cause a wide- 
spread reduction of glutamatergic transmission in 
the CNS. This action is determined almost exclu- 
sively by presynaptic Group II and Group III 
mGIuRs [Baskys and Malenka (1991); Desai and 
Conn (1991); Pook et al (1992); Burke and Hablitz 
(1994); Glaum and Miller (1994) for review]. 
Reduction of glutamatergic transmission attributed 
to Group I mGIuRs has been observed only in the 
hippocampus, at the level of the synapses between 
Shaffer collaterals and CAI pyramidal cells. In this 
region inhibition of EPSPs is induced by DHPG or 
quisqualate and is accompanied by an increase in 
paired-pulse facilitation, a common and reliable test 
of presynaptic mechanisms (Gereau and Conn, 
1995b; Manzoni and Bockaert, 1995). MGluR 5 
probably mediates this effect because it is not 
blocked by 4CPG (an mGluR! preferential antagon- 
ist) (Manzoni and Bockaert, 1995) and because 
there is immunochemical evidence for the presyn- 
aptic expression of mGluR 5 in CAI neurons 
(Romano et al, 1995). 

Interestingly, a recent report demonstrated that 
the DHPG-induced inhibition of EPSPs in CAI is 
facilitated by activation of NMDA receptors 
(Harvey et al., 1996). According to these authors 
this mechanism in CAI may have important impli- 
cations for synaptic plasticity where both mGIuRs 
and NMDA receptors are involved. 



4.2.2. Modulation of GABA 

A third function of mGIuRs in the CNS is to 
regulate inhibitory synaptic transmission mediated 
by the amino acid neurotransmitter GABA. 
Activation of mGIuRs reduces GABAergic synaptic 
transmission in the hippocampus (Liu et al., 1993; 
Jouvenceau et al., 1995), the striatum (Calabresi et 
al, 1992; Stefani et al, 1994), the thalamus (Salt 
and Eaton, 1995), the olfactory bulb (Hayashi et al, 
1993), and the nucleus of the tractus solitarius 
(Glaum and Miller, 1993). The identity of the 
mGluR Group responsible for this effect is not cer- 
tain, but evidence for a presynaptic activation of 
Group II or Group III receptors is emerging. 

In the hippocampus, GABAergic interneurons 
can be activated by mGIuRs either pre- or postsyn- 
aptically (Desai et al, 1994; McBain et al, 1994; 
Jouvenceau et al, 1995; Poncer et al, 1995; Doherty 
and Dingledine, 1998). In the CA3 region activation 
of Group I mGIuRs, presumably located on the 
somato-dendritic membrane of GABA interneurons, 
enhances excitability. In contrast, Group II mGIuRs 
are located on inhibitory terminals and reduce 
GABA release (Poncer et al, 1995). In the CAI 
region, Group I mGIuRs are involved in modulating 
transmission from GABAergic interneurons onto 
pyramidal cells. Analysis of spontaneous inhibitory 
postsynaptic currents (IPSCs) suggests that these 
receptors are localized presynaptically (Gereau and 
Conn, 1995b). Activation of Group I mGIuRs on 
GABA inhibitory neurons in the hippocampus can 
contribute to the generation of hyperexcitability 
connected with epilepsy (Doherty and Dingledine, 
1998) and may have an important role in synaptic 
plasticity, as shown in mice lacking mGluRj [Bordi 
et al (1997) see later]. 

In the rat frontal cortex Group I mGIuRs can 
enhance GABA-mediated synaptic inhibition 
through activation of inhibitory interneurons and, 
as in CAI, these receptors seem to be located pre- 
synaptically (Chu and Hablitz, 1998). 



4.2.3. Modulation of Other Neurotransmitters 

Recent work has focused on the interaction of 
mGIuRs with other neurotransmitter systems. It is 
now becoming evident that mGIuRs regulate differ- 
ent neurotransmitters in a number of brain struc- 
tures. 

Activation of rat dentate gyrus neurons with 
ACPD or the specific Group I mGluR agonist 
DHPG increases NPY mRNA levels in granule cells 
and interneurons and this effect is antagonized by 
MCPG and 4CPG (Schwarzer and Sperk, 1998). 
These results are important in light of the recent evi- 
dence of a possible role of NPY in epilepsy 
(Schwarzer et al, 1998). 

In the hippocampus DHPG is also able to attenu- 
ate the inhibitory effects of adenosine Al receptor 
activation and this attenuation occurs via a PKC- 
dependent mechanism. This interaction may be rel- 
evant to the pathology that occurs after hypoxia, 
where adenosine is an endogenous protective sub- 
stance (de Mendonca and Ribeiro, 1997; Budd and 
Nicholls, 1998). 
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In cultures of astrocytes, mGluR.5 is associated 
with the regulation of /^-adrenergic receptor func- 
tion. The agonist DHPG, but not agonists for 
Group II or III mGluRs, potentiates cyclic AMP ac- 
cumulation induced by ^-adrenergic stimulation. 
This effect is independent of intracellular Ca 2+ or 
the PKC pathway (Balazs et al., 1998), but can con- 
tribute to the opening of Ca 2+ channels and modu- 
late neuronal activity by a feedback process to 
neurons (Verkhratsky and Kettenmann, 1996; 
Balazs et al., 1998). 

Recent work showed that mGluRs modulate 
dopamine (DA) neurons in various ways. ACPD 
produces an increase of the spontaneous firing rate 
and a depolarization of rat DA mesencephalic cells 
(Mercuri et al., 1993). This excitation is attributed 
in part to an inward current that is antagonized by 
the Group I mGluR antagonist 4C3HPG. In the 
ventral midbrain, ACPD and DHPG cause a 
decrease in the EPSP's amplitude and depolarization 
of DA neurons (Wigmore and Lacey, 1998). ACPD 
mediates excitation and inhibition of substantia 
nigra DA neurons as well, and this action is blocked 
by Group I mGluR antagonist 4CPG (Meltzer et 
al., 1997). Moreover, electrical stimulation of ventral 
tegmental DA neurons evokes a slow excitatory 
postsynaptic current (EPSC) which is mediated by 
mGluRs, particularly by Group I mGluRs because 
it is blocked by MCPG (Shen and Johnson, 1997). 
In primary cultures of striatal neurons, Group I 
mGluR agonists potentiate the cAMP formation 
induced by activation of D r like dopamine recep- 
tors. This potentiation is blocked by 4CPG and also 
by PKC inhibitors (Paolillo et al., 1998). 

A role of Group I mGluRs in modulating DA 
system function was shown also by the observation 
that intrastriatal injection of ACPD or DHPG 
caused a contralateral rotational behavior, a re- 
sponse that is DA -dependent (Sacaan et al., 1991, 
1992; Kearney et aL, 1997). When infused into the 
nucleus accumbens, ACPD increases locomotor ac- 
tivity in rats and MCPG blocks this effect. Blockade 
of DA receptors with haloperidol reduces (in a dose- 
dependent manner) the ACPD-induced locomotor 
activation (Attarian and Amalric, 1997), suggesting 
that the increase in locomotor activity is dependent 
on DA. A recent study has shown that MCPG 
injected into the nucleus accumbens also interferes 
with amphetamine-induced locomotion, and 
suggested that the mGluRs located postsynaptically 
to DA terminals mediate this action (Kim and 
Vezina, 1998a). 

All these results strongly suggest a possible invol- 
vement of Group I mGluRs in Parkinson's Disease 
or Huntington's Chorea by modulating the DA sys- 
tem [Sacaan et al. (1992); see later]. 

4.2.4. Modulation of Ionotropic GluRs 

Activation of mGluRs has been shown to modu- 
late yV-methyl-D-aspartate (NMDA) and (S)-a- 
amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AM PA) receptor-mediated membrane currents 
in a number of brain areas and cell types. 
Potentiation of NMDA responses by ACPD was 
reported in the CA1 region of the hippocampus 



(Aniksztejn et al., 1992; Harvey and Collingridge, 
1993), cerebellum (Kinney and Slater, 1993), neo- 
cortex (Rahman and Neuman, 1996; Mannaioni et 
al., 1996), visual cortex (Wang and Daw, 1996), 
striatum (Pisani et al., 1997), and spinal cord (Cerne 
and Randic, 1992; Jones and Headley, 1995; Ugolini 
et al., 1997). In some studies, however, ACPD 
attenuates NMDA responses (Colwell and Levine, 
1994; Yu et al., 1997) and this discrepancy can be 
explained by the NMDA receptor composition in 
different cell types (Shen et al., 1995). 

ACPD also potentiates AMPA responses in spinal 
cord (Cerne and Randic, 1992; Bleakman et al., 
1992; Jones and Headley, 1995; Bond and Lodge, 
1995; Ugolini et al., 1997) and visual cortex (Wang 
and Daw, 1996), but not in the hippocampus 
(Aniksztejn et al., 1992; Harvey and Collingridge, 
1993). Spinal cord depolarizations induced by kai- 
nate are increased by ACPD in some reports 
(Bleakman et al., 1992; Jones and Headley, 1995) 
but not in others (Cerne and Randic, 1992; Ugolini 
et al., 1997). Figure 1 illustrates the facilitation of 
NMDA or AMPA responses that is induced by 
ACPD in spinal cord motoneurons. The specific 
agonist DHPG produces effects similar to those 
obtained with ACPD in the hippocampus (Fitzjohn 
et al., 1996), striatal slices (Pisani et al., 1997) and 
spinal cord (Jones and Headley, 1995; Ugolini et aL, 
1997). 

The potentiation of excitatory responses is 
explained by an mGluR-mediated membrane de- 
polarization that increases cell excitability (Jones 
and Headley, 1995; Bond and Lodge, 1995). 
Inhibition of K + currents (/ m or / K lcak ) are impli- 
cated in these mGluR-induced depolarizations 
(Charpak et al., 1990; Gerber and Gahwiler, 1994), 
resulting in an increase in cell input resistance. 

PKC, which is triggered by activation of Group I 
mGluRs, has been proposed to mediate the poten- 
tiation of iGluR responses. In oocytes a specific 
PKC antagonist blocks the mGluR-induced 
enhancement of the NMDA response (Kelso et al., 
1992). In the CAI region of the hippocampus, po- 
tentiation of the NMDA effect induced by ACPD 
was blocked by PKC antagonists in one study 
(Aniksztejn et al., 1992), but not in another (Harvey 
and Collingridge, 1993). In the striatum, the PKC 
blockers staurosporine or calphostin C are effective 
in preventing DHPG-mediated potentiation of the 
NMDA-induced depolarization and the PKC activa- 
tor phorbol-12,13-diacetate (PDAc) mimicks the 
enhancement of the NMDA responses (Pisani et al., 
1997). In spinal cord motoneurons, the potentiation 
of responses elicited by both NMDA and AMPA is 
blocked by the two PKC blockers, staurosporine or 
chelerythrine chloride [Ugolini et al. (1997) see 
Fig. 1], suggesting the involvement of a PKC-depen- 
dent mechanism in the mGluR-induced potentiation 
in the spinal cord. 

PKC phosphorylates NMDA and AMPA recep- 
tors (Roche et al., 1994). The activation by mGluRs 
of PKC might therefore modulate the phosphoryl- 
ation state of these two ionotropic receptors, result- 
ing in a potentiation of the response [see Michaelis 
(1998)]. This mechanism could also explain how 
mGluR potentiation of NMDA and AMPA re- 
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Fig. 1. The mGluR agonist ACPD facilitates the depolarization of motoneurons induced by NMDA or 
AMPA. This facilitation is blocked by the Group I mGluR antagonist MCPG. Top trace (A) is a repre- 
sentative recording from one experiment in which NMDA (10 /im, 4 min) potentiation caused by per- 
fusion of ACPD (10 /iM, 20 min) is blocked when ACPD is perfused together with MCPG (500 /iM). In 
the bottom trace (B) an individual trace is taken from one experiment in which MCPG (500 /iM) an- 
tagonizes the ACPD-induced potentiation of AMPA (0.1 /iM, 4 min) responses [reproduced from 

Ugolini et ai (1997)]. 



sponses could be involved (or participate in) some 
forms of plasticity like long-term potentiation (LTP) 
or nociception [Harvey and Collingridge (1993); 
Corsi et aL (1997); see below]. 

The specific mGluR 5 agonist CHPG is also able 
to potentiate NMDA responses in the hippocampus 
(Doherty et al., 1997) and NMDA or AMPA re- 
sponses in spinal cord motoneurons (Ugolini and 
Bordi, unpublished observations), suggesting a role 
for mGluR 5 in this action either alone or in combi- 
nation with mGluRj (Fig. 2). In the spinal cord, 
however, there is no evidence for an involvement of 
PKC, in contrast to what it is seen when the 
NMDA or AMPA responses are potentiated by 
ACPD. Both mGluR 5 and mGluRi may thus act to 
enhance iGluR responses but the two types of 
mGluRs may have different intracellular mechan- 
isms of action. Different functions for the two types 
of Group I mGluRs has also been suggested by 
recent studies with cells transfected with mGluRj 
and mGluR 5 [see Nakanishi et ai (1998)]. 



4.3. Long-Term Regulation of Synaptic Efficacy 

Group I mGluRs have been implicated in differ- 
ent forms of synaptic plasticity, such as LTP and 
LTD, and in memory formation (Bliss and 
Collingridge, 1993; Riedel and Reymann, 1996). 
LTP and LTD are persistent changes in synaptic 
efficacy induced by tetanic afferent stimulation and 
are considered models of the cellular mechanisms 
underlying learning and memory (Bliss and Lomo, 
1973; Bear and Malenka, 1994). 

4.3.1. LTP and Memory 

Facilitating effects of the mGluR agonist ACPD 
in LTP potentiation have been shown in hippocam- 
pal slices. Pre-treatment with the mGluR agonist 
causes increased LTP following tetanus compared to 
untreated controls (Otani and Ben-Ari, 1991; 
McGuinness et ai, 1991). ACPD can also induce 
LTP in absence of electrical stimulation. This LTP 
induction depends on an intact connection between 
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Fig. 2. The mGluR 5 agonist CHPG enhances the depolarization of motoneurons induced by NMDA. 
This facilitation is neither blocked by the Group I mGluR antagonist MCPG nor by the PKC inhibitor 
chelerythrine chloride. Each trace is taken from an individual experiment. Periods of drug perfusion are 
indicated by bars for NMDA (10 ^m, 4 min) and CHPG (1 mM, 20 min). Chelerythrine chloride (3 /jm) 
or MCPG (1 mM) are co-applied with CHPG. 



64 



F. Bordi and A. Ugolini 



the CA3 and CA1 regions of the hippocampus 
(Bortolotto and Collingridge, 1993, 1995; Breakwell 
et al, 1996). Since ACPD exerts its facilitating 
action through a PKC-dependent pathway (Anwyl, 
1991; Otani et al, 1993), a mechanism proposed to 
explain the involvement of mGluRs in LTP is by 
modulation of NMDA receptors via PKC. This 
view holds that NMDA is sufficient to generate LTP 
(Ben-Ari and Aniksztejn, 1995). A different view 
suggests that mGluRs trigger directly LTP via acti- 
vation of PKC in parallel with induction involving 
NMDA receptors (Watkins and Collingridge, 1994). 

It has been difficult to distinguish between these 
hypotheses using the available mGluR antagonists. 
MCPG can inhibit both tetanus-induced and 
ACPD-induced LTP in the hippocampus CA1 
(Bashir et al, 1993). However, MCPG blocked LTP 
only in 'naive slices', but not in slices that had 
already been stimulated tetanically (Bortolotto et 
al, 1994). The authors proposed that Group I 
mGluRs activate a molecular switch that, once 
stimulated, stays on for a long time and need not be 
activated again. This switch is PKC-mediated, since 
its activation is blocked by PKC inhibitors, but it 
does not require co-activation of NMDA receptors, 
and can be reset by low frequency stimulation that 
depotentiates LTP and re-establishes the need for 
mGluR-activation for LTP in non-naive slices 
(Bortolotto et al, 1994). 

The effects of MCPG on LTP have been quite 
variable, however. While some reports confirmed 
the original blocking effect exerted by MCPG in the 
hippocampus (Sergueeva et al, 1993; O'Connor et 
al, 1994; Little et al, 1995) or in the medial frontal 
cortex (Vickery et al., 1997), other studies failed to 
find any effect of MCPG in inhibiting tetanus- 
induced or ACPD-induced LTP in the hippocampal 
(Chinestra et al., 1993; Manzoni et al, 1994; Selig et 
al, 1995; Thomas and O'Dell, 1995) or in visual 
cortical slices (Hensch and Stryker, 1996; Huber et 
al, 1998). Part of these conflicting results have been 
explained by the different conditions in which the 
slice is placed in the recording chamber (Bortolotto 
et al, 1995; Ben-Ari and Aniksztejn, 1995; 
Breakwell et al, 1996) or by the different develop- 
mental stage of the animals. Izumi and Zorumski 
(1994) found that MCPG given 5 minutes after teta- 
nization was effective in inhibiting LTP in hippo- 
campal slices taken from PND15 or 30 but not from 
PND60 rats. 

Another factor that may explain different findings 
is the tetanization strength and the resulting intra- 
cellular response. Since it has been proposed that in- 
tracellular Ca 2+ concentration is a critical factor for 
LTP induction (Malenka et al, 1988, 1992), a recent 
study using Ca 24 " imaging analysis suggests that 
Group I mGluRs involvement in LTP is confined to 
certain types of potentiation, which are induced by 
weak tetanization and require the release of Ca 2 + 
from intracellular stores. The stronger the poten- 
tiation, the less are the mGluR antagonists able to 
inhibit LTP induction (Wang et al, 1995; Wilsch et 
al, 1998). 

In adult rats, MCPG attenuates LTP in hippo- 
campus dentate gyrus in anesthetized animals in one 
study (Richter-Levin et al, 1994), but is completely 



ineffective in other studies (Bordi and Ugolini, 1995; 
Martin and Morris, 1997). Since the mGluR antag- 
onist readily blocks LTP induction in freely behav- 
ing animals (Riedel et al, 1994, 1995; Riedel and 
Reymann, 1996), it is possible that the state of 
anesthesia may interact with the drug action or that 
the weaker tetanization parameters necessary to 
induce a stable LTP in freely-moving rats may 
unmask the role of mGluRs in LTP (Martin and 
Morris, 1997). 

Studies of mice lacking mGluRi confirm the 
involvement of Group I mGluRs in LTP induction, 
although different results have been reported. In one 
study mGluRi — /— mice had normal LTP in the 
CA1 or dentate gyrus areas, both NMDA receptor- 
dependent pathways, but reduced LTP in the mossy 
fiber CA3 area, which involves an NMDA receptor- 
independent pathway (Conquet et al, 1994). The 
opposite result was found in a study using a differ- 
ent set of mGluRj knock-out mice (Aiba et al, 
1994a; Hsia et al, 1995). 

The question of LTP in mGluRpdeficient animals 
was recently addressed by measuring LTP in the 
intact hippocampus of anesthetized mice. In these 
animals, LTP was reduced in the perforant path- 
dentate gyrus pathway (Bordi, 1996). A possible ex- 
planation of this result is that dentate gyrus neurons 
receive more inhibitory synaptic drive in vivo than in 
slice preparation where many inhibitory axon collat- 
erals are lost (Buckmaster and Schwartzkroin, 
1995). Decreasing the level of feedback inhibition by 
activation of GABA B receptors on GABA inter- 
neurons made it possible to induce normal LTP in 
mGluR, -/- mice [Bordi et al, 1997; Fig. 3(A)]. A 
possible scenario is depicted in Fig. 3(B). According 
to this view glutamate controls GABA inhibition via 
mGluRj situated postsynaptically on the inter- 
neuron. MGluR i would thus have an indirect role 
in synaptic plasticity by regulating GABA inhi- 
bition. 

Interestingly, a very similar mechanism has been 
described for a form of synaptic modulation exerted 
by mGluR 2 in the olfactory bulb. Here, activation 
of the mGluR 2 -rich granule cells suppresses inhibi- 
tory GABA transmission to mitral cells allowing the 
formation of a specific olfactory memory (Hayashi 
et al, 1993; Kaba et al, 1994). 

Mice lacking mGluR 5 show reduced LTP in the 
regions of the hippocampus that are known to be 
NMDA receptor-dependent, but they have a normal 
LTP in the mossy fiber synapses of the CA3 region 
(Lu et al, 1997). Thus, mGluR 5 plays an important 
regulatory role in LTP in NMDA-dependent path- 
ways in the hippocampus. 

Treatments that interfere with LTP are usually 
also studied in cognitive tests (Morris et al, 1986). 
To investigate whether reduced LTP resulted in an 
impairment in learning and memory, mGluRs 
mutant mice were tested in two different spatial 
learning tasks, both known to depend on an intact 
hippocampus, the Morris water maze (Morris, 1984) 
and the contextual fear conditioning test (Phillips 
and LeDoux, 1992). In both tasks, the performance 
of mGluRs-deficient mice was significantly different 
than that of their wild-type littermates (Lu et al, 
1997). Interestingly, mGluRj mutant mice were also 
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time (min) 

Fig. 3. (A Effects of mGluR! +/+ mice and mGluRi -/— on perforant path-dentate gyrus LTP. 
Consistent LTP was induced in wild-type animals whereas mGluRi -/- animals showed a reduced LTP 
of population spike amplitude compared to control. Baclofen injection did not modify the ability to 
evoke LTP in wild-type animals, but allowed a normal induction of LTP in mutant — /— mice. Top traces 
are representative EPSPs taken from one experiment each at the time indicated on the graph. Each point 
is the average of three evoked potentials. A, When the tetanus was induced (three trains 10 sec apart, 
400 Hz, eight 0.4 msec impulses in each train). A, Start of the baclofen injection (10 mg kg -1 ml -1 , i.p.). 
(B) Schematic diagram of the basic dentate gyrus circuit with proposed localization of mGluRi. The 
GABA-releasing interneuron (Int) can be activated by synapses from the glutamatergic perforant path 
(PP) or via a recurrent collateral from the dentate gyrus granule cell (DGC). When GABA is released 
from the interneuron it acts on presynaptic GABA B receptors [reproduced from Bordi et ai. (1997)]. 



impaired in the same behavioral tasks (Conquet et 
al. y 1994; Aiba et aL, 1994a). Taken together these 
results strongly implicate Group I mGluRs in learn- 
ing and memory function. However, since the mice 
are congenitally lacking mGluRi or mGluRs, it is 
possible that these two receptors are only required 
during development to establish a plastic state, and 
may not be needed for the expression of learning 
and memory per se. 

This argument leads to a review of the behavioral 
studies that tested animals in learning and memory 
tasks under pharmacological treatment to see if 
Group I mGluR antagonists also interfere with 
learning and memory. In fact, more consistent 
results of the effects of MCPG on behavior were 
obtained than on tests of LTP. Using different beha- 
vioral paradigms, a number of laboratories showed 
an impairment of the learning performance when 
MCPG was injected intra ventricularly in rats. These 
include inhibition of water maze learning (Richter- 
Levin et a/., 1994; Bordi et ai, 1996) and of Y-maze 
with footshock reinforcement (Riedel et al. y 1994; 



Balschun and Wetzel, 1998). Retention deficits have 
also been reported in passive avoidance learning in 
young chicks [Holscher (1994); Rickard and Ng 
(1995); see Riedel (1996) for review]. Using a more 
potent Group I antagonist, AIDA, Nielsen et al. 
(1997) found blockade of hippocampus-dependent 
contextual fear conditioning, but not hippocampus- 
independent cue conditioning. In contrast, context- 
dependent fear conditioning was not altered by 
MCPG (Bordi et at., 1996). Similarly, intra-hippo- 
campal injections of MCPG did not affect working 
memory in rats, but AIDA dose-dependently 
increased the number of errors in the three panel 
runway setup (Ohno and Watanabe, 1996, 1998). 
Co-application of MCPG and a NMDA receptor 
antagonist aggravates impairment in the working 
memory task, while infusion of a partial agonist at 
the glycine site, D-cycloserine, reduced the errors 
induced by AIDA. These findings suggest an inter- 
active regulation of memory processes by mGluR- 
and NMDA receptor-mediated mechanisms (Ohno 
and Watanabe, 1996, 1998). 
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4.3.2. LTD 

Together with LTP, LTD in the cerebellum or in 
the hippocampus is an important example of cellular 
mechanism of long-lasting synaptic plasticity. 

There is clear pharmacological evidence that 
Group I mGIuRs are involved in the induction of 
LTD at parallel fiber- Pur kinje cell synapses in the 
cerebellum (Daniel et al., 1992; Linden and Connor, 
1993; Hartell, 1994). The antagonist MCPG also 
blocks the induction of homosynaptic LTD in the 
hippocampus (Bolshakov and Siegelbaum, 1994; 
O'Mara et al., 1995) but does not always do so 
(Selig et al., 1995; Oliet el al., 1997). MCPG is effec- 
tive in blocking LTD induced by low-frequency 
stimulation in the visual cortex in some studies 
(Kato, 1993; Haruta et al., 1994; Hensch and 
Stryker, 1996), but a recent report fails to reproduce 
the same results (Huber et al., 1998). A possible ex- 
planation of the discrepancies found both in the hip- 
pocampus and in the visual cortex is that there are 
two forms of LTD, one presynaptic and MCPG-sen- 
sitive, the other postsynaptic and NMDA receptor- 
dependent (Oliet et al., 1997; Nicoll et al., 1998). 

Activation of Group I mGIuRs with the selective 
agonist DHPG or with the mGIuRs specific agonist 
CHPG induces LTD in CAI hippocampus slices in 
Mg 2 + -free medium or with GABA-mediated inhi- 
bition blocked. Reduction of DHPG-induced LTD 
in Mg 2+ -free medium is achieved by MCPG or by 
application of the NMDA receptor antagonist (/?)- 
2-amino-5-phosphonopentanoate (AP5) (Palmer et 
al., 1997). Application of ACPD in CAI slices of 
immature rats causes LTD and this effect is also 
blocked by NMDA receptor antagonists (Overstreet 
et al., 1997). Together, these results indicate that 
mGIuRs and NMDA receptor-dependent forms of 
LTD may not be completely independent processes 
(Palmer et al., 1997). 

A study using freely-moving animals found that 
MCPG and 4CPG inhibited LTD induction in the 
hippocampus while Group II mGluR antagonists 
modulate LTD maintenance (Manahan-Vaughan, 
1997). 

Mice lacking mGluR) show reduced LTD in cer- 
ebellar Purkinje cells (Aiba et al., 1994b; Conquet et 
al., 1994). This electrophysiological phenomenon is 
accompanied by impaired eyeblink conditioning 
(Aiba et al., 1994b) and severe motor coordination 
deficits, probably the result of cerebellar dysfunc- 
tion. There are not, however, gross abnormalities of 
the basic bioelectric properties or of excitatory and 
inhibitory synaptic responses in these cells (Conquet 
et al., 1994). The results from mGluR r deficient 
mice imply a role for these receptors in cerebellar 
LTD, as it was suggested by pharmacological exper- 
iments (Daniel et al., 1992; Linden and Connor, 
1993; Hartell, 1994) or by studies in which anti- 
bodies directed against the N-terminal extracellular 
segments of mGluRj blocked LTD induction in cul- 
tured Purkinje neurons (Shigemoto et al., 1994). The 
other Group I mGluR, mGluR 5 , does not compen- 
sate for the lack of LTD response in mGluR|-de- 
ficient mice. In addition, mice lacking mGluR 5 do 
not exhibit motor deficits and they have a normal 
LTD (Lu et al., 1997). 



5. GROUP I mGLURs IN PATHOLOGICAL 
CONDITIONS 

Glutamate is a major neurotransmitter that med- 
iates synaptic excitation at the majority of CNS 
synapses and it is therefore involved in many im- 
portant brain functions. Because of its widespread 
presence, glutamate has been implicated in a variety 
of CNS disorders. Overstimulation of glutamate 
receptors results in the death of neurons, a phenom- 
enon called excitotoxicity that has been linked to 
several pathological states in the CNS, such as brain 
ischemia, hypoxia and traumatic brain injury. If this 
excessive glutamatergic activation is blocked by 
competitive or non-competitive glutamate receptor 
antagonists it is possible to reduce the hypoxic- 
ischemic brain damage (Rothman and Olney, 1986). 

Excitotoxicity has also been related to epilepsy 
and may have a role in the pathogenesis of chronic 
neurodegenerative disorders such as Huntington's 
disease or Alzheimer's disease (Greenamyre and 
Young, 1989; Albin and Greenamyre, 1992). 
Whether the neurotoxic actions of glutamate are the 
primary cause of these diseases or a final common 
pathway to neuronal death in many neurological 
disorders is still a matter of numerous debates 
(Greenamyre and Porter, 1994; Kornbuber and 
Wiltfang, 1998). However, pharmacological agents 
that reduce glutamate receptor activation might pro- 
vide a valuable therapeutic approach for neuropro- 
tection of acute and chronic neurodegenerative 
disorders. 

Modifying glutamatergic transmission with drugs 
acting selectively at Group I mGIuRs can have im- 
portant potential benefits. By developing drugs 
capable of inhibiting discrete populations of gluta- 
matergic receptors it may be possible to bypass the 
profound side-effects that have limited the clinical 
use of iGluR antagonists (Olney et al., 1989; Olney, 
1994). Moreover, the ability of mGIuRs to modulate 
the response of other neurotransmitters may also be 
crucial in the management of neurological and psy- 
chiatric illnesses. 

In the following section the involvement of 
mGIuRs belonging to Group I in pathophysiological 
processes will be reviewed. 

5.1. Role of Group I mGIuRs in Nociception 

There is considerable evidence for the involvement 
of the excitatory amino acids, glutamate and aspar- 
tate, in transmission of both acute and chronic pain 
(Besson and Chaouch, 1987; Willis and Westlund, 
1997; Dickenson et al., 1997). A large number of 
peripheral sensory fibers contain glutamate, includ- 
ing C-fibers, and ca 80% of substance P-containing 
fibers also contain glutamate (Battaglia and 
Rustioni, 1988). 

In the spinal cord, the response to brief acute 
mechanical or thermal stimuli appears to involve 
AM PA receptor activation (Aanonsen et al., 1990). 
When the stimulus is maintained and/or its fre- 
quency or intensity is increased, however, NMDA 
receptors become activated, resulting in a poten- 
tiation of the response that underlies many forms of 
central sensitization (Dickenson, 1995). Sensitization 
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is an increase in response to stimulation and has 
been studied experimentally in the spinal cord using 
the 'wind-up' phenomenon (Woolf, 1983; Woolf and 
Wall, 1986), an increase in the number of spikes 
generated by a neuron after each successive stimulus 
during a pulse train [see Baranauskas and Nistri 
(1998) for review]. The wind-up is suggested to be a 
central mechanism for hyperalgesia (Mendell and 
Wall, 1965). Glutamate or NMDA reproduce the 
phenomenon of wind-up (King et al, 1988), whereas 
NMDA antagonists can prevent it (Dickenson and 
Sullivan, 1987; Davies and Lodge, 1987). 

Recent evidence suggests the involvement of 
mGluRs in nociceptive transmission, in accord with 
immunohistochemical distribution studies showing 
the presence of Group I mGluRs in layers I and II 
of the dorsal horn (Vidnyanszky et al, 1994; Valerio 
et al., 1997b). The potential importance of these 
receptors was suggested by their role in another sen- 
sitization phenomenon, LTP in the hippocampus, 
and by the facilitation induced by ACPD of AMPA 
and NMDA responses in dorsal horn neurons of the 
spinal cord [Bleakman et al. (1992); Cerne and 
Randic (1992); see Fig. 1]. 

Like NMDA receptor antagonists, the mGluR 
antagonist MCPG shows a significant inhibition of 
wind-up (Boxall et al., 1996). Moreover, ACPD 
enhances wind-up of dorsal horn neurons and this 
effects is blocked by 4C3HPG, confirming the invol- 
vement of Group I mGluRs (Budai and Larson, 
1998). Single shock electrical stimulation of the 
spinal cord dorsal root, sufficient to recruit both A- 
and C-fibers, is also used to study in vitro the re- 
sponse to acute noxious stimulation (Thompson et 
al., 1992). Unlike the NMDA receptor antagonist 
AP5, MCPG is able to attenuate the late prolonged 
component of ventral root potentials (Boxall et al., 

1996) . The late phase, mostly attributed to C-fiber 
activation, is defined as 'peptidergic' because it is 
also affected by neurokinin receptor antagonists 
(Thompson et al., 1992, 1993) and might therefore 
involve second messenger systems. The early, mono- 
synaptic component of the response, dependent on 
AMPA and kainate receptors, is not affected by 
MCPG or 4CPG (Boxall et al., 1996; Corsi et al., 

1997) . Figure 4 depicts the effects of MCPG on ven- 
tral root potentials after single shock stimulus of the 
dorsal root and after wind-up evoked by repetitive 
stimulation. 

Excitation of dorsal horn cells induced by the 
Group I selective agonist DHPG is much greater 
than that evoked by Groups II and III agonists, 
suggesting a functional role for Group I mGluRs in 
this region (Young et al., 1997). Activation of dorsal 
horn neurons is also produced by cutaneous appli- 
cation of the C-fiber chemical irritant mustard oil 
that brings about central sensitization of these neur- 
ons to afferent input, a process analogous to wind- 
up. The sensitization induced by mustard oil is 
inhibited by ionophoretic application of the selective 
Group I antagonist 4C3HPG (Young et al., 1994, 
1995), consistent with the observation that mGluRs 
are required in the inflammation induced by carra- 
geenan (Neugebauer et al., 1994). 

These results suggest that, in addition to NMDA 
receptors, Group I mGluRs are important in the 



generation of the spinal cord nociceptive response. 
Since PKC inhibitors, as well as Ca /calmodulin- 
dependent kinase II inhibitors, also attenuate no- 
ciceptive responses, it has been suggested that PKC 
and possibly Ca 2 + /calmodulin kinase II play a role 
in sensitized nociception in the dorsal horn and that 
Group I mGluRs may be the synaptic mediators 
involved in triggering these signal transduction path- 
ways. The activation of PKC by mGluRs could play 
this role via NMDA phosphorylation and enhance- 
ment (Young et al., 1997). 

Responses of thalamic neurons to noxious ther- 
mal somatosensory stimuli are also reduced by local 
ionophoretic application of Group I mGluR antag- 
onists (Eaton et al., 1993a,b). The effect is selective 
in that non-noxious vibrissal stimulation is not 
antagonized (Eaton et al., 1993b). A recent study 
confirmed these findings using the selective mGluRi 
antagonist LY367385, demonstrating for the first 
time the specific contribution of this subclass of 
receptors in nociceptive responses (Salt and Turner, 
1998). This result is in good agreement with the evi- 
dence of the prominent expression of mGluRi in the 
thalamus (Masu et al., 1991; Shigemoto et al., 1992; 
Fotuhi etal, 1993). 

Interestingly, as in the thalamus, synaptic re- 
sponses evoked by innocuous vibrissal stimuli are 
not affected by MCPG in the rat somatosensory cor- 
tex, suggesting that Group I mGluRs in the cortex 
are also not involved in simple sensory transmission 
of mechanical stimuli (Cahusac, 1994). Instead, the 
action of mGluR antagonists seems to be selective 
for noxious stimuli. 

Behavioral studies using the hot-plate model to 
study the nociceptive reflex show that 4CPG and 
MCPG injected intracerebroventricularly in mice 
induce a dose-related increase in paw-licking 
latency, although NMDA receptor antagonists seem 
to be more efficacious (Corsi et al, 1997). Similar 
results were achieved using the more potent mGluR 
antagonist AIDA (Moroni et al, 1997). 
Subcutaneous injections of formalin to the plantar 
surface of the rat hindpaw is a widely used animal 
model of persistent pain (Coderre et al, 1990). The 
formalin test produces two phases: an immediate 
acute nociceptive phase up to 5 min post-injection 
followed by a prolonged tonic nociceptive response 
lasting 20-60 min. NMDA receptor antagonists 
reduce this late phase of nociceptive responses 
(Coderre and Melzack, 1992; Yamamoto and 
Yaksh, 1992). Similarly, rats pretreated with the 
mGluR antagonists 4CPG or 4C3HPG injected 
intrathecally have reduced nociceptive scores in the 
second phase of the formalin test, while the agonists 
DHPG or ACPD enhance these nociceptive re- 
sponses in a dose-dependent manner (Fisher and 
Coderre, 1996a). If the antagonists 4C3HPG or 
MCPG are injected prior to the agonist, the 
enhancement of formalin-induced nociception is 
attenuated. Interestingly, the same blocking effect of 
mGluR-induced enhancement of formalin response 
can be achieved with the NMDA antagonist AP5, 
demonstrating the interaction between mGluRs and 
NMDA in this type of sustained pain (Fisher and 
Coderre, 1996a). 



68 



F. Bordi and A. Ugolini 



A B 




Time (sec) Time (sec) 

Fig. 4. Effects of D-AP5 (A) or MCPG (B) on high-intensity, single shock electrical stimulation (50 mV, 
1 msec) of the dorsal root, and cumulative depolarization ('wind-up') of the ventral root evoked by 
20 sec of 1 Hz repetitive electrical stimulation of the L 4 /L 5 dorsal root. Traces represent different exper- 
iments. D-AP5 (50 jim) or MCPG (500 /*m) are perfused for 20 min. They are able to reduce the ampli- 
tude of the wind-up or the amplitude of the late phase of the single shock evoked by dorsal root 
stimulation. Control traces for each experiment are depicted in gray, [reproduced from Corsi et al. 

(1997)]. 



Injection of DHPG or ACPD induces spon- 
taneous nociceptive behavior which is blocked by 
Group I mGluR antagonists (Fisher and Coderre, 
1996b). To investigate the relative contribution of 
mGluRI or mGluR5 in the DHPG-induced re- 
sponses, antibodies selective for the two receptor 
subtypes were injected intrathecally in rats. Both 
antibodies reduced the DHPG-induced nociceptive 
behavior (Fundytus et al., 1998). Furthermore, both 
antibodies significantly attenuated hypersensitivity 
following chronic constriction injury (CCI) of the 
sciatic nerve but neither was effective in reducing 
nociceptive responses to acute heat or chemical stim- 
uli (Fundytus et at., 1998), supporting the notion 
that Group I mGluRs are primarily important in 
chronic, not acute, pain (Young et al., 1997). 
Similar results were found using the CCI model with 
the Group I mGluR antagonist 4CPG used to 
attenuate chronic nociceptive behaviors (Fisher et 
al., 1998). 

Morphine is commonly used for the management 
of pain, although in a limited manner due to the 
development of tolerance and dependence after 
chronic use. Recent work has demonstrated that 
NMDA receptor antagonists attenuate the develop- 
ment of tolerance and dependence if co-administered 



with morphine (Trujillo and Akil, 1991). A study by 
Fundytus and Coderre (1994) has shown that 
mGluRs activation, too, is involved in the develop- 
ment of opioid dependence with chronic morphine 
use, possibly through changes in intracellular mes- 
sengers such as PI hydrolysis and DAG. Chronic 
antagonism of Group I mGluRs may act to com- 
pensate the increase in PI hydrolysis that is elevated 
by activation of /i-opioids particularly during with- 
drawal (Fundytus and Coderre, 1994; Fundytus et 
al., 1997). Thus, treatments with Group I mGluRs, 
as well as with agonists of the other mGluR groups 
(Fundytus and Coderre, 1997), can be very effective 
in decreasing the incidence of opioid dependence. 

In summary, blockade of Group I mGluRs, poss- 
ibly both mGluRi and mGluR 5 , may be a promising 
new route for treatment of pain, particularly chronic 
pain disorders (Young et al., 1994, 1997; 
Neugebauer et al. y 1994; Fisher et aL, 1998), with 
minimal effects on normal sensory perception. 

5.2. Role of Group I mGluRs in Epilepsy 

Glutamate plays a crucial role in epileptogenesis. 
Overstimulation of iGluRs leads to seizures and 
excitotoxic injury throughout the CNS and in par- 
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ticular in the hippocampus, a vulnerable region to 
injury after seizures (Meldrum, 1994; Bradford, 
1995). Glutamate antagonists selective for either 
NMDA or non-NMDA receptors are potent anti- 
convulsants in several different models of epilepsy 
(Patel et al, 1990; Chapman et al, 1991). 

The mGluRs are currently under intense investi- 
gation to understand their role in epileptogenesis. 
Early reports showed that ACPD injected in rats or 
mice induces limbic seizures followed by selective 
neuronal degeneration (Sacaan and Schoepp, 1992; 
McDonald et al, 1993; Tizzano et al, 1993). Later 
studies extended these findings to the specific Group 
I agonist DHPG. DHPG-induced limbic seizures in 
mice (Tizzano et al, 1995) and rats (Camon et al, 
1998) are not prevented by NMDA or AMPA/kai- 
nate receptor antagonists (Tizzano et al, 1995). 
Both ACPD and DHPG have been suggested to 
exert their action by a common mechanism, most 
likely involving Ca mobilization subsequent to 
Pi-linked mGluR activation. L-2-amino-3-phospho- 
nopropanoic acid (L-AP3) and dantrolene, inhibitors 
of mGluR-mediated intracellular calcium mobiliz- 
ation, prevent or attenuate the ACPD or DHPG- 
induced seizures in mice (Tizzano et al, 1993, J 995). 

In the audiogenic-induced convulsion model, the 
Group I mGluR antagonist 4C3HPG has an antic- 
onvulsant action in mice (Thomsen et al, 1994; 
Dalby and Thomsen, 1996). Similar suppression 
effects by 4C3HPG are found in rats that are geneti- 
cally prone to epilepsy (Tang et al, 1997). Although 
4C3HPG is also an agonist for Group II mGluRs, 
various types of evidence, including the failure by 
the selective Group II agonist L-CGG-I to induce 
seizures, suggest that the acute convulsant action is 
predominantly mediated by antagonism of Group I 
receptors (Tang et al, 1997). 

Recordings of epileptic activities made in vitro in 
hippocampal or neocortical slices confirm the contri- 
bution of Group I mGluRs in the production of sei- 
zure discharges. Spontaneous epileptiform bursts in 
guinea pig hippocampal neurons elicited by ex- 
posure to the GABA receptor antagonist picrotoxin 
can be blocked by MCPG (Merlin et al, 1995) or 
transformed into persistent prolonged discharges by 
the agonist DHPG (Merlin and Wong, 1997). 
Group I mGluRs may have a role in initiating the 
epileptogenesis process, which also requires active 
protein synthesis (Merlin et al, 1998). In rat neocor- 
tical neurons, the GABA antagonist bicuculline 
induces epileptiform discharges that are suppressed 
by MCPG, although this antagonist fails to attenu- 
ate the ACPD-induced increase of epileptiform ac- 
tivity (Burke and Hablitz, 1995). 

Exposure to 4-aminopyridine (4-AP), a blocker of 
voltage-gated K + channels, results in the generation 
of spontaneous discharges in brain slices that re- 
sembles interictal spiking and ictal epileptiform 
bursts (Rutecki et al, 1987). MCPG selectively pre- 
vents the development of these events in the basolat- 
eral amygdala, without affecting the maintenance of 
the ictal discharges or the interictal spiking 
(Arvanov et al, 1995). The mGluRs appear to be 
important in the transition from normal neuronal 
functioning to epileptiform bursting. Whether this 
effect is mediated by Group I or Group II mGluRs 



is not yet clear, because MCPG is an antagonist for 
both groups and in the basolateral amygdala both 
mGluRl and mGluR2 are expressed (Ohishi et al, 
1993; Shigemoto et al, 1992). However, an action 
via Group I is more plausible since it is in agreement 
with the findings obtained both in vivo and in vitro 
showing Group I agonist-induced epileptic re- 
sponses. 

A popular model of epilepsy is electrical kindling, 
a phenomenon in which repeated application of 
low-intensity stimulation to amygdala or pyriform 
cortex causes gradual seizure development culminat- 
ing in generalized motor seizures (Goddard et al, 
1969). Kindling, too, is blocked by injection of 
NMDA receptor antagonists (Croucher et al, 1988; 
McNamara, 1988). There is accumulating evidence 
for a crucial role of presynaptic Groups II and III 
mGluR in this model (Attwell et al, 1995; Suzuki et 
al, 1996; Neugebauer et al, 1997), but an involve- 
ment of postsynaptic Group I antagonists is not 
excluded (Suzuki et al, 1996). Change in mGluRj 
and mGluRs mRNAs is seen in the hippocampus of 
amygdala-kindled rats (Akbar et al, 1996), and 
alterations of both Groups I and II mGluRs- 
mediated responses are found in amygdala neurons 
of kindled animals. Upregulation of Group I may 
contribute to the transition to epileptiform bursting 
in kindled cells (Holmes et al, 1996). Activation of 
Group I mGluRs should be effective in modulating 
epileptic activity considering the exaggerated Ca 2 + 
entry into kindled slices (Heinemann and Hamon, 
1986). Blocking intracellular Ca 2+ via Group I 
mGluR antagonism may interrupt the increased ex- 
citatory response of the epileptic neuron (Bradford, 
1995), but this hypothesis awaits future studies and 
more specific mGluR agents. 



5.3. Role of Group I mGluRs in Neurodegeneration 

5.3.1. Brain Ischemia 

Since glutamate plays a key role in ischemic brain 
damage, drugs that decrease the accumulation of 
glutamate or block its postsynaptic effects are as- 
sociated with the amelioration of ischemic injury 
and should be regarded as potential therapeutic 
agents for stroke (Simon et al, 1984; Rothman and 
Olney, 1986). NMDA receptors in particular have 
attracted the attention of researchers because they 
gate an ion channel permeable to Ca 2+ and gluta- 
mate-induced neurotoxicity is mainly dependent on 
the intracellular accumulation of Ca (Choi, 1988, 
1995). Recent evidence has demonstrated that 
mGluRs, too, may play an important role in excito- 
toxicity [Nicoletti et al (1996) for a review]. 

Quisqualate, DHPG or /-ADA amplify the exito- 
toxic neuronal degeneration induced by NMDA in 
cultured murine cortical cells (Bruno et al, 1995a; 
Strasser et al, 1998), suggesting that Group I 
mGluRs enhance NMDA receptor-mediated neur- 
onal toxicity. The relief of Mg 2+ blockade of 
NMDA channels by PKC has been proposed to be 
the principal process by which activation of Group I 
mGluRs amplifies NMDA toxicity (Bruno et al, 
1995a). 
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A neuroprotective effect against NM DA -mediated 
damage has been observed both by blocking Group 

I mGluRs (Buisson and Choi, 1995; Orlando et aL, 
1995; Strasser et aL, 1998) and by activating Groups 

II and III mGluRs (Bruno el aL, 1994, 1995b; 
Buisson el al., 1996). These results are in agreement 
with earlier experimental evidence of mixed effects 
using the non-selective mGluR agonist ACPD. This 
compound protects cultured neurons against excito- 
toxic degeneration and ischemic damage in vivo 
(Koh el al., 1991; Chiamulera el al., 1992; Siliprandi 
et al., 1992; Pizzi el al., 1993), but also produces 
neurotoxic effects when infused into the striatum or 
the hippocampus (Sacaan et al., 1991; McDonald 
and Schoepp, 1992; Schoepp et al., 1995). The neu- 
roprotective action of ACPD is probably mediated 
by activation of presynaptic Groups II or III 
mGluRs (Bruno et al., 1995b), whereas neuronal 
toxicity is mediated by Group I mGluRs. 

Neurons in hippocampal CA1, a region known to 
be highly vulnerable to cerebral ischemia (Pulsinelli, 
1985), are protected by MCPG from a hypoxic- 
hypoglycimic injury measured in slices electro- 
physiologically (Opitz et al., 1994). A follow-up 
study using a variety of selective mGluR agents has 
shown that in this in vitro model of hypoxia, acti- 
vation of Group I mGluR antagonism is beneficial 
if it happens before or during the insult (Opitz et al., 
1995). MCPG also attenuates the hypoxia-induced 
suppression of excitatory synaptic transmission in 
dentate gyrus neurons in vitro (Doherty and 
Dingledine, 1997). 

A widely used model of global ischemia, a type of 
injury that typically occurs following cardiac arrest 
in humans, is the transient or permanent forebrain 
ischemia in gerbils produced by an occlusion of the 
carotid arteries (Araki et al., 1989). The antagonist 
4C3HPG protects CA1 pyramidal neurons when 
applied 20min before permanent occlusion of the 
carotid arteries (Henrich-Noack et al., 1998). As 
previously mentioned, 4C3HPG is also an agonist 
for Group II mGluRs, therefore the neuroprotective 
action could be due to activation of these receptors, 
or to a synergistic effect of both blocking Group 1 
mGluRs and activating Group II mGluRs, as 
suggested by the authors (Henrich-Noack et al., 
1998). A role for Group II mGluRs in the gerbil 
model of global ischemia was partially confirmed 
with the specific mGluR 2 agonist (\S,2S,5R,6S)-2- 
aminobicyclo[3. 1 .0]hexane-2,6-dicarboxylate 
(LY354740) (Bond et al., 1998). In this study 
damage of CA1 cells induced by transient occlusion 
of the carotid arteries was reduced by LY354740. By 
increasing the severity of the ischemic insults, how- 
ever, the neuroprotective effects were greatly 
reduced or disappeared. 

Increased glutamate activation has been also 
implicated in another acute neurodegenerative dis- 
ease, posttraumatic injury (Hayes et al., 1988; Faden 
et al., 1989). Pharmacological blockade of Group I 
mGluRs reduces neurological deficits produced by 
traumatic brain injury (Gong et al., 1995), whereas 
activation of these receptors with DHPG exacer- 
bates posttraumatic neuronal death in an in vitro 
model of cortical trauma (Mukhin et al., 1996, 
1997). In addition, an mGluR,, but not mGluR 5 , 



antisense oligodeoxynucleotide is neuroprotective in 
this experimental model. 

Oxidative stress represents an important pathway 
leading to neuronal degeneration which can interact 
with excessive glutamate activation to cause damage 
to brain tissue, including stroke, hypoxia, and 
trauma (Coyle and Puttfarcken, 1993). Recent data 
have shown that activation of Group I mGluRs in a 
hippocampal cell line generates a cellular response 
that is protective to oxidative stress caused by 
cysteine-deprivation or glucose starvation (Sagara 
and Schubert, 1998). In line with these results, 
mGluR 5 activation of cultured cerebellar granule 
cells also protects against apoptotic death (Copani 
et al., 1995, 1998). The development of apoptosis 
was accelerated after treatment with either mGluR 5 
antisense oligonucleotides or with the Group I 
mGluR antagonist MCPG. Interestingly, the func- 
tions of mGluR 5 in astrocytes support a role for 
these receptors in repair processes of injured CNS 
tissue (Balazs et al., 1997). Programmed cell death 
or apoptosis can also occur in response to ischemia, 
or trauma, situations in which most cells die by 
necrosis as a result of acute injury. If injured cells 
do not die immediately, they may die by apoptosis 
(Raff et al, 1993for a review). Group I mGluRs, 
particularly mGluR 5 , may contribute to the develop- 
ment of delayed death. 

In summary, it appears that antagonism of Group 
I mGluRs, and particularly of mGluRi, might be 
protective following brain ischemia and other forms 
of acute neuronal degenerative diseases like hy- 
poxia/hypoglycemia (Opitz et aL, 1995) or traumatic 
brain injury (Mukhin et aL, 1996). Although lack of 
selectivity or brain penetration of the available com- 
pounds make it difficult to draw definite con- 
clusions, it is already promising that blockade of 
mGluRs are effective in reducing neuronal damage 
after global ischemia, where NMDA receptor antag- 
onists fail to do so (Buchan et al., 1991; Rothman 
and Obey, 1995). 

5.3.2. Huntington's and Parkinson's Diseases 

Recently excitotoxicity has been proposed as par- 
ticipating in the pathogenesis of chronic neurode- 
generative disorders such as Huntington's disease or 
Parkinson's disease (Albin and Greenamyre, 1992; 
Greenamyre and Porter, 1994; Blandini et aL, 1996). 
Consistent with this hypothesis, NMDA antagonists 
can attenuate the l-methyl-4-phenyl-l,2,3,6-tetrahy- 
dropyridine (MPTP)-induced destruction of nigros- 
triatal neurons, a well known experimental model of 
Parkinson's disease (Turski et aL, 1991), and the 
NMDA receptor agonist, quinolinic acid, when 
injected into the striatum, causes lesions resembling 
the neuropathological features of Huntington's dis- 
ease (Beal et aL, 1986). 

The mGluR agonist ACPD injected in the stria- 
tum produces excitotoxicity (Sacaan et aL, 1991) 
and in the quinolinic acid model, the mixed Group I 
rnGluR antagonist-Group II agonist 4C3HPG 
shows a protective action, similar to that produced 
by NMDA antagonists (Orlando et aL, 1995). In 
Parkinson's disease the degeneration of the dopa- 
minergic neuronal system that projects from the 



Group I Metabotropic Glutamate Receptors 



71 



substantia nigra to the striatum is thought to lead to 
symptoms of the disease [Chase et aL (1998) for a 
review]. In the striatum, Sacaan et aL (1992) have 
demonstrated a functional interaction between DA 
and mGluRs. When ACPD was injected into the rat 
striatum, it induced extrapyramidal motor activation 
that was dependent on an intact DA system. 
Kearney et aL (1997) confirmed these results with 
the selective Group I agonist DHPG. Injections of 
ACPD or DHPG also activate the subthalamic 
nucleus, which provides excitatory input to the basal 
ganglia and influences locomotion and control of 
voluntary movements (Abbott et aL, 1997). Since 
overactivity of this nucleus is a major feature of 
Parkinson's disease (Albin et aL, 1989), Group I 
mGluR antagonists may provide a treatment for 
Parkinson's disease (Kearney et aL, 1997). 

In the nucleus accumbens, an area in ventral stria- 
tum implicated in the limbic-motor interface [see 
Amalric et aL (1994) for a review], Group I mGluRs 
play an important role in the regulation of loco- 
motor activity by interacting with dopaminergic 
neurotransmission (Attarian and Amalric, 1997; 
Kim and Vezina, 1997, 1998a). Recent findings have 
extended the contribution of Group I mGluRs in 
the nucleus accumbens to amphetamine-induced 
locomotion, suggesting a possible role for these 
receptors in the expression of sensitization behaviors 
induced by psychostimulant drugs (Kim and Vezina, 
1998a,b). 

Although research concerning the involvement of 
mGluRs in extrapyramidal motor disorders is still in 
its infancy, this beginning is surely very encouraging 
and in the next few years we can expect a great deal 
of progress in this area. 

5.3.3. Alzheimer's Disease 

The glutamatergic hypothesis of dementia was 
proposed in the late 1980s (Greenamyre et a/., 
1988). According to this view, excitotoxicity partici- 
pates in the pathogenesis of Alzheimer's disease 
(Greenamyre and Young, 1989; Choi, 1992). 
Interestingly, the /? amyloid protein that accumu- 
lates in Alzheimer's disease can potentiate excito- 
toxic degeneration (Mattson et aL, 1992). 

Stimulation of mGluR la in human embryonic kid- 
ney (HEK) 293 cells accelerates the breakdown of 
the amyloid precursor protein (APP) into non-amy- 
loidogenic soluble forms of APPs, thus reducing /? 
amyloid formation (Lee et aL, 1995). A similar effect 
is seen when cultured hippocampal neurons are 
stimulated with glutamate, quisquilate, or trans- 
ACPD. The effect is blocked by a PKC inhibitor 
and is mGluR-selective because iGluR agonists do 
not affect APPs degradation. 

Agonists of Group I mGluRs might therefore rep- 
resent a new class of therapeutic agents for 
Alzheimer's disease (Lee et aL, 1996). Furthermore, 
the involvement of Group I mGluRs in synaptic 
plasticity, such as LTP and learning and memory 
(see earlier), could lead to the development of 
specific agents that might modulate hippocampal 
functions to enhance cognitive functions in patients 
afflicted by dementia. Drugs acting on mGluRs 
might also show better results in clinical trials or 



exhibit fewer side-effects than agents which block or 
modulate NMDA receptors [see Kornbuber and 
Wiltfang (1998) for a review]. 

5.4. Role of Group I mGluRs in Psychiatry 
Disorders 

There are a number of clinical and animal labora- 
tory reports suggesting an involvement of glutamate 
in psychiatric disorders. Indeed, glutamatergic 
abnormalities have been associated with schizo- 
phrenia (Bunney et aL, 1995; Olney and Farber, 
1995) and mood disorders (Trullas and Skolnick, 
1990; Skolnick et aL, 1996). 

Recent evidence has demonstrated that treatment 
with the antidepressant imipramine can modify the 
sensitivity of Group I mGluRs, as measured by 
population spikes recorded in the CA1 region of the 
rat hippocampus (Pile et aL, 1998). Modification of 
Group I mGluRs may thus play a role in the mech- 
anism of action of certain antidepressants. 

The mGluRs can represent an alternative, non- 
dopaminergic therapy for the treatment of schizo- 
phrenia, as suggested by Moghaddam and Adams 
(1998) who found that a Group II specific mGluR 
agonist inhibiting glutamate release by modulating 
presynaptic sites, reversed the behavioral disruptions 
in the phenyclidine model of schizophrenia. 

Future studies will show whether Group I post- 
synaptic mGluR antagonists also play a role in 
relieving schizophrenic symptoms. In general, 
mGluRs may provide important pharmacological 
therapeutic targets for psychiatric disorders in which 
glutamatergic neurotransmission is abnormally regu- 
lated. The metabotropic receptors have a clear ad- 
vantage over the iGluRs which are ubiquitous and 
mediate fast synaptic transmission throughout the 
CNS (Moghaddam and Adams, 1998). 



6. CONCLUSIONS 

Our understanding of the functions of mGluRs in 
the brain has progressed in recent years at an excep- 
tional pace. The study of mGluRs may be the fastest 
growing area of all neurotransmitter receptors. In 
particular, Group I mGluRs have been extensively 
investigated at the molecular, cellular, and beha- 
vioral level leading us to an appreciation of their 
great importance in the CNS. 

Both mGluRj and mGluR 5 have been linked to a 
variety of brain disorders, including epilepsy, pain, 
ischemia and chronic neurodegenerative disorders. 
The role of Group I mGluRs in modulating gluta- 
matergic neurotransmission and their selective pre- 
sence in the CNS may provide a potential important 
therapeutic approach in many CNS disorders. 
iGluR treatment, on the other hand, had demon- 
strated in clinical trials to be associated with mul- 
tiple side-effects possibly due to their ubiquity 
throughout the CNS and their fast excitatory prop- 
erties. 

Progress in developing drugs specific for the 
different mGluR classes requires, however, more 
selective and potent antagonists and agonists. With 
more compounds available, the next few years 
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should witness major advances in this area, adding 
to our understanding of mGluR functions in the 
brain and in the discovery of new agents for the 
treatment of neurological and psychiatric disorders. 
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Deposited on Behalf of: Genetics Institute 

Identification Reference by Depositor Patent Deposit Designation 



The deposit was received December 12. 2000 by this International Depository Authority and has been accepted. 

AT YOUR REQUEST: X. We will inform you of requests for the strain for 30 years. 

The strain will be made available if a patent office signatory to the Budapest Treaty certifies one's right to receive, 
or if a U.S. Patent is issued citing the strain, and ATCC is instructed by the United States Patent & Trademark 
Office or the depositor to release said strain. 

If the culture should die or be destroyed during the effective term of the deposit, it shall be your responsibility to 
replace it with living culture of the same. - - • ... 

The strain will be maintained for a period of at least 30 years from date of deposit, or five years after the most 
recent request for a sample, whichever is longer. The United States and many other countries are signatory to the 
Budapest Treaty. 

The viability of the culture cited above was tested December 27. 2000 . On that date, the culture was viable. 
International Depository Authority: American Type Culture Collection, Manassas, VA 20110-2209 USA. 
Signature <£^ram having authority to represent ATCC: 



cDNA Clone (Human): Y1176 



PTA-2775 



The deposit was accompanied by: a scientific description _ a proposed taxonomic description indicated above. 




Date: January 9. 2001 



Frank Simione, Director, Patent Depository 



cc: Andrea Ryan (Ref: Docket or Case No.: AM100369) 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re of Application of: 
Application No.: 
Filed: 
For: 

Confirmation No.: 
Customer Number: 



Brian Gaither BATES etaL 

10/027,923 Group No,: 1647 

December 21 , 2001 Examiner: Turner, Sharon L 

NOVEL GLUTAMATE RECEPTOR MODULATORY PROTEINS AND 

NUCLEIC ACID MOLECULES AND USES THEREFOR 

9899 

25291 



Mail Stop Non-Fee Amendment 
Commissioner for Patents 
PO Box 1450 

Alexandria, VA 22313-1450 



CERTIFICATE OF MAILING 37 CFR §1 .10 

I hereby certify that this paper and the documents referred to as enclosed 
therein are being deposited with the United States Postal Service on the date 
written below in an envelope as "Express Mail Post Office to Addressee" 
Mailing Label Number EV295518032US addressed to the Mail Stop Non-Fee 
Amendment, Commissioner for Patents, PO Box 1450, Alexandria, VA 22313- 
1450. 



Date 



DECLARATION OF KAMALAKAR GULUKOTA 
UNDER 37 C.F.R. § 1.132 



Dear Sir: 



I, Kamalakar Gulukota, declare the following in support of the above-captioned 
application: 



1. I am the Kamalakar Gulukota named as an inventor in the above-captioned 
application. I am also the Kamalakar Gulukota named as an inventor in U.S. Patent 
Application Publication US 2002/0142952 (Wong et a/.). I am a citizen of India, presently 
residing at 16-2-836/D/A/2, Madhav Nagar, Saidabad, Hyderabad 500 059, India. 

2. I hold a Ph D. from the University of Illinois at Urbana Champaign in Biophysics 
with a major emphasis in the area of Protein Folding, I am currently a Head, Clinical R&D 
in G VK Biosciences Private Limited where I head up the clinical research of the company. I 
was previously an employee of Wyeth, where I worked on sequence analysis and other 
bioinformatics activities in the genomics area. 
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3. I have read the Office Action mailed on February 10, 2004, in connection with the 
above-captioned application. It is my understanding, based on my review of the action, that 
the Examiner in charge of examining this application has advanced a rejection based on a 
lack of novelty for the presently claimed invention, in view of the Wong et al published 
application. 

4 I performed the nucleic acid sequence analysis that identified the genomic and open 
reading frame sequences (e.g., SEQ ID NO:61) set forth in the Wong et al. U.S. Patent 
Application Publication No. US 2002/0142952. I also performed the BLAST sequence 
analysis and characterization of the polynucleotide sequence (SEQ ID NO:l) and the encoded 
protein sequence (SEQ ID NO:2) described and set forth in the present application as 
mGIuR5M (U.S. Application No. 10/027,923). 

5. The referenced U.S. Patent Application Publication No. US 2002/0142952 is not by 
another. 

6. This work was performed in the U.S. during my employment at Wyeth. 

7. All statements made in this declaration of my own knowledge are true and all 
statements made in this declaration on information and belief are believed to be true, with the 
understanding that knowledge of these statements being willfully false and the like is 
punishable by fine or imprisonment or both, under 18 U.S.C. § 1001 and may jeopardize the 
validity of any patent to be obtained from the referenced application. 




Kamalakar Gulukota 
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